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1.1. MORPHOLOGICAL AND BIOCHEMICAL ASPECTS 
OF THE LENS 
The vertebrate eye lens is a transparent, avascular organ 
whose function is to refract incident light and focus it on the 
retina to form an image. During life this biconvex body continuous-
ly grows within a surrounding elastic, semipermeable capsule, which 
enables exchange of oxygen, nutrients and metabolites between 
lens and aqueous humor. 
The lens consists of only one cell type, the epithelial cell, in 
its various differentiated forms (Fig. 1). Cuboidal epithelial cells 
are localized as a subcapsular monolayer at the anterior surface of 
the lens. In the equatorial zone these cells elongate and differen-
/onular fibers lens surface capsule epithelium equator 
Fig. 1. Diagrammatic representation of a cross-sectioned lens. 
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t iate into fiber cells. The latter cells are deposited layer by layer 
around the central part of the lens, called nucleus. Since lens cells 
are preserved throughout life, the nucleus still contains differen-
tiated epithelial cells originating from the embryological stage. 
Thus an age gradient of lens cells is present across the lens, 
implicating that the complete cellular history is found within one 
adult lens. 
Differentiation of epithelial cells into fiber cells is 
accompanied with a large increase in cell surface. New plasma 
membranes are formed while other membranous cell organelles are 
lost. The plasma membranes are mainly composed of lipids, integral 
and peripheral proteins (Broekhuyse, 1981; review). The membrane 
proteins can be separated from the other protein constituents of 
lens fiber cells because of their differential solubilization 
properties. Treatment of the fiber cells with buffer removes the 
water-soluble crystallins, and subsequent extraction with 8 M urea 
solubilizes the cytoskeleton, resulting in a crystallin-free, cyto-
skeleton-free membrane preparation (for reviews see Harding and 
Dilley, 1976; Bloemendal, 1981; Broekhuyse, 1981 and Bloemendal, 
1982). 
The best studied lens fiber membrane protein component is a 
26000 dalton protein, called MIP (main intrinsic protein) or MP26. 
Several aspects of this protein are outlined below. 
MIP is a hydrophobic protein penetrating the interior of the 
membrane (Broekhuyse, Kuhlmann and Stols, 1976; Broekhuyse and 
Kuhlmann, 1978; Broekhuyse, Kuhlmann and Winkens, 1979; Kibbe-
laar and Bloemendal, 1979). This major lens membrane protein is 
synthesized by plasma membrane-cytoskeleton-bound polyribosomes 
(Ramaekers et al., 1980) and is a marker for lens cell differen-
tiation (Vermerken et al., 1977; Bloemendal, 1979). 
The dominant hypothesis about the localization of MIP is, that 
this protein is present in both unit plasma membranes and commum-
4 
eating junctions of lens fiber cells (Broekhuyse and Kuhlmann, 
1978; Broekhuyse, Kuhlmann, Bijvelt, Verkleij and Ververgaert, 
1978; Fitzgerald, Bok and Horwitz, 1981; Bok, Dockstader and 
Horwitz, 1982; Paul and Goodenough, 1983; Sas et al., 1984). Lens 
fiber junctions are specialized membrane areas which connect 
adjacent fiber cells in order to enable electrical and metabolic 
coupling between the cells (Philipson, Hanninen and Balazs, 1975; 
Benedetti et al., 1976; Kuszak, Maisel and Harding, 1978; Good-
enough, 1979). Calcium is an important factor in the regulation of 
the function of these junctions (Rose, Simpson and Loewenstein, 
1977; Peracchia, 1978; Flagg-Newton, Simpson and Loewenstein, 
1979; Peracchia and Peracchia, 1980). 
Up till now the functional role of MIP in lens has been the 
subject of speculation. From its predicted structure, MIP appears 
to be a junctional protein being participated in the formation of 
aqueous channels in the lens fiber membranes (Gorin et al., 1984). 
Recent investigations have shown that MIP can bind calmodulin in a 
calcium-independent manner (Welsh et al., 1982; this thesis, 
chapter 9). Via the latter highly conserved multifunctional calcium-
binding protein, which is present in many tissues among which 
bovine lens (this thesis, chapter 9), MIP becomes calcium-sensitive. 
This result indicates that the MlP-calmodulin complex might be 
involved in the calcium-dependent regulation of junction permea-
bility and structure (Welsh et al., 1982; Girsch and Peracchia, 
1984). 
In the first profound biochemical investigations of lens mem-
branes besides MIP another major protein constituent of calf lens 
fiber membranes and, unlike MIP, also of epithelial membranes, was 
observed as a fuzzy 34000 dalton protein band (MP34; Dunia et al., 
1974; Broekhuyse and Kuhlmann, 1974; Vermorken et al., 1977). 
MP34 could be synthesized in a heterologous cell-free system by 
free polyribosomes from calf lens cortex (Vermorken et al., 1977). 
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Broekhuyse and Kuhlmann (1978) found, that a specific 
protein component, probably identical to MP34, could be extracted 
from the lens fiber membrane by means of EDTA. This EDTA-ex-
tractable protein (EEP) appeared to be present predominantly in 
the equatorial fiber membranes. A decrease in the relative amount 
of EEP as compared to MIP and degradation products of MIP was 
observed from equator towards nucleus as a result of aging 
(Bouman, de Leeuw and Broekhuyse, 1980). EEP was thought to 
comprise two polypeptides with molecular weights of 32000 and 
35000 dalton. Bouman, de Leeuw, Tolhuizen and Broekhuyse (1979) 
have shown that each of these two polypeptides occurs in dif-
ferently charged forms and contains a specific antigenic deter-
minant. They also found that EEP differs from the crystallins with 
respect to molecular weight, isoelectric points, tryptic peptide 
maps, amino acid composition and subcellular localization. 
However, these authors suggested that a common antigenic deter-
minant exists between EEP and y-crystallin. Furthermore, their 
results point to a strong affinity of EEP for or-crystal lin. 
EEP was detected in the lenses of various animal species. 
Large differences in biochemical and immunological properties 
were observed between avian and mammalian EEP (Bouman, de 
Leeuw and Broekhuyse, 1981). These differences were explained as 
a result of evolution. EEP could not be isolated from human lens 
fiber membranes (Bouman, de Leeuw, Kuhlmann and Broekhuyse, 
1981) although recent studies have demonstrated the presence of 
EEP in these membranes by very sensitive immunological detection 
methods (van den Eijnden-van Raaij, de Leeuw and Broekhuyse, un-
published results). 
Because of their removal from the membrane by means of 
EDTA the EEP polypeptides were supposed to be bound to the 
membrane via calcium (Broekhuyse and Kuhlmann, 1978; Bouman et 
al., 1979). The nature of this EEP-membrane binding and the EEP-
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binding sites was still an open question. In addition, nothing was 
known about the specificity of EEP for lens tissue and the 
functional role of these extrinsic membrane proteins. 
This thesis takes away many of the obscurities around EEP. 
At this moment, however, the biological significance of EEP 
remains to be elucidated. The finding that EEP is present in various 
non-lenticular tissues (chapter 10) extends the scope of this 
functional problem. 
1.2 OUTLINE OF THIS THESIS 
The major purpose of this study was to gain more insight in 
the characteristics of EEP, the EEP-membrane interaction in lens 
fiber cells and the functional role of EEP. 
The development of improved analytical and immunological 
methods forced us to revise the information about EEP, obtained 
thus far. The results of a refined biochemical analysis of EEP are 
described in chapter 2 and 3. In chapter 4 the immunological 
properties of EEP are reported. 
Evidence for the occurrence of EEP in lens fiber cells as an 
extrinsic membrane component, and for the involvement of calcium 
in the electrostatic EEP-membrane interaction is provided in 
chapter 5 and 6. Chapter 7 reveals the nature of the EEP-binding 
sites in lens membranes. 
The identification of EEP as a group of calcium-binding 
proteins is described in chapter 8. In chapter 9 the characteristics 
of another calcium-binding lens membrane protein, calmodulin, are 
presented. 
Finally, the results of studies concerning the tissue speci-
ficity of EEP are described in chapter 10. 
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ONE OF THE PROTEIN COMPONENTS OF LENS FIBER 
MEMBRANES IS GLYCERALDEHYDE 3-PHOSPHATE 
DEHYDROGENASE 
Summary 
The eye lens membrane component 'MP34' [Exp. Eye Res. 24 
(1977) 413-415] has been resolved into three protein components 
and in a revised nomenclature designated MP35, MP36.5 and MP37, 
respectively. MP37 has been identified as the enzyme glyceralde-
hyde 3-phosphate dehydrogenase while MP35 is one of the major 
components of membranes both from cultured hamster lens cells and 
from HeLa cells. 
2.1 INTRODUCTION 
There has been a growing interest in the morphology and bio-
chemistry of lens fiber cell membranes [ l ,2 ] . There are strong 
indications that these plasma membranes interact with at least 
some of the structural lens proteins, the crystalline [3] , filamen-
tous actin [2] and vimentin [4]. However, the nature of these 
interactions has not been elucidated, being hampered by in-
sufficient knowledge of the protein components of lens membranes. 
Lens plasma membranes purified by flotation have a relatively 
simple pattern in which a Mr 26000 component represents about 
50% of the total protein, while another pronounced 'component' is 
found in the Mr 34000-35000 region after SDS-polyacrylamide gel 
electrophoresis [5 ,6] . About the same polypeptide pattern is 
obtained with membranes, isolated as the urea-insoluble fraction of 
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lens homogenates [6,7] . Extraction of this preparation by EDTA 
liberated the М
г
 34000-35000 protein, or EEP (EDTA-extractable 
protein). Gel electrophoresis suggested that EEP consists of two 
components with app. M
r
 32000 and 35000, respectively [ ? ] . 
We wish to report here that the M
r
 35000 component from 
purified lens membranes consists of 3 unrelated polypeptides, one 
of which is identical with glyceraldehyde 3-phosphate dehydroge­
nase. One of the other polypeptides is present not only in lens fiber 
membranes, but also, as the major component, in the membranes 
from cultured hamster lens epithelial cells [8,9] as well as from 
HeLa cells. 
2.2 MATERIALS AND METHODS 
Glyceraldehyde 3-phosphate dehydrogenase from rabbit 
muscle was purchased from Boehrmger (Mannheim) as a crystal 
suspension, spun down and dissolved in SDS containing sample 
buffer [lO]. Bovine lens fiber membranes were isolated as in 
[ l l ] as interface after discontinuous gradient centrifugation with 
a density of 1.14 - 1.18 g/ml. Membranes from hamster lens 
epithelial cells, transformed by SV40 and grown in suspension 
culture [β], and from HeLa cells were isolated as in [12]. Urea-
insoluble lens proteins (UIL) and EDTA-extractable protein (EEP) 
were isolated as in [7] . 
SDS-polyacrylamide gel electrophoresis in slabs 0.7 mm thick 
was performed as in [lO]. Two-dimensional gel electrophoresis 
after non-equilibrium pH-gradient gel electrophoresis (Ampholines 
pH 3.5-10 from LKB, Uppsala, 800 V.h) and one-dimensional peptide 
mapping was done as in [13] and [14 ], respectively, with some 
simplifications [12]. Prior to electrophoresis, membrane prepara­
tions were heated in sample buffer at 60 o C for 10 mm, conditions 
which did not result in aggregation of MP26. 
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2.3 RESULTS AND DISCUSSION 
Fig. 1 shows gel electrophoretic profiles on thin-
polyacrylamide slabs of the membrane preparations used m this 
study. In calf lens membranes (Fig. IB, CL), three components of 
M
r
 35000-37000 can be resolved. On the basis of their M
r
-values, 
we designate these components as MP37, MP36.5 and MP35, 
respectively, replacing the designation 'MPS-l' for the broad 
protein band originally observed [1,5,6,15]. Likewise, two other 
components are designated MP33 and MP32.5, respectively. MP37 
and MP36.5 migrate as the glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (Fig. IA, G3PD), which is one of the 
major components (band 6) of erythrocyte membranes [16]. MP35 
has the same mobility as the major membrane component from 
cultured hamster lens cells (Fig. 1С). 
In contrast to the major lens membrane protein, MP26, the 
components in the M
r
 30000-37000 range are not degraded as a 
consequence of storage of the sample (Fig. ID, CL'; cf. [15]). 
Preparations of calf lens membranes as urea-insoluble fraction (Fig. 
IE, UIL) yields about the same components as membranes isolated 
by flotation with the notable exception, however, that MP37 is 
absent. Treatment of UIL with EDTA (Fig. IF, EEP) liberates 
MP36.5, MP35, MP33, MP32.5 and a component designated MP31. 
Most probably, the described M
r
 35000 and 32000 components of 




 35000 membrane component of cultured lens cells 
(Fig. IB and G, HLSV) is also present in HeLa cell membranes (Fig. 
IH). This was confirmed by two-dimensional gel electrophoresis 
[12]. 
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Fig. 1. Gel electrophoretic profiles of: (A, G3PD) I ^g rabbit 
muscle glyceraldehyde 3-phosphate dehydrogenase; (B, CL) calf 
lens membranes purified by flotation, 35 μξ protein; (C, HLSV) 
membranes from cultured hamster lens cell, 16.5 ^g protein; (D, 
CL') calf lens membranes after storage at -20 oC; (E, UIL) calf lens 
membranes isolated as urea-insoluble fraction of lens homogenate; 
(F, EEP) EDTA-extractable proteins from UIL; (G, HLSV) as (B, 
HLSV); (H, HeLa) HeLa cell membranes. Lanes (D-F) were from the 
same slab gel; (Α-F) proteins separated in 10% (w/v) Polyacrylamide 
were stained with Coomassie brilliant blue; (G, H) proteins labelled 
in vivo with (35s)-methionine and separated in 7-18% (w/v) Poly­
acrylamide gradient gels were detected by autoradiography. MP26 
denotes the major intrinsic membrane protein from calf lenses. 
In order to elucidate if MP37, MP36.5, MP35, the band 6-
protein from erythrocyte membranes (glyceraldehyde 3-phosphate 
dehydrogenase) and the M
r
 35000 major membrane component 
from cultured cells are related, these proteins were isolated by 
excising gel bands and subjected to partial proteolytic cleavage 
(Fig. 2). Although the bands of MP37 and MP36.5 were cross-conta-
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minated, it is clear that there is no apparent relationship between 
the 3 lens membrane proteins. However, MP37 has the same 
cleavage pattern as glyceraldehyde 3-phosphate dehydrogenase (2 
major bands; the M
r
 20000 minor band of G3PD is just detectable 
with MP37), while MP35 is identical to the major membrane protein 
from cultured cells. 






11.3— · • * * * • 
Fig. 2. Peptide profiles of membrane proteins after cleavage with 
Staphylococcus aureus V8 protease. G3PD, rabbit muscle glycer-
aldehyde 3-phosphate dehydrogenase; CL, calf lens membranes; 
HLSV, membranes from cultured hamster lens cells. MP37, MP36.5, 
MP35, membrane proteins with app. Mr 37000, 36500 and 35000, 
respectively. Peptides were separated by electrophoresis in 18% 
(w/v) Polyacrylamide and detected with Coomassie brilliant blue. 
Amounts of protease and membrane proteins were: 50 ng protease 
with 5 /ig G3PD; 50 ng, 50 ng and 10 ng protease with 15 times the 
amounts of CL MP37, -36.5 and -35, respectively, used for Fig. IB; 
10 ng protease with 2.5-times the amount of HLSV MP35 used for 
Fig. 1С. 
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The identification of MP37 as glyceraldehyde 3-phosphate de­
hydrogenase could be confirmed by two-dimensional gel electro­
phoresis. While after equilibrium isoelectric focusing in the first 
direction MP37 could not be detected on gel patterns of lens mem­
branes (not shown), after non-equilibrium focusing (Fig. 3B) one M
r 
37000 spot is observed, which is in the same position as the spot of 
G3PD (Fig. ЗА). During co-electrophoresis (Fig. 3C), G3PD and the 
lens membrane component comigrate completely. 
Glyceraldehyde 3-phosphate dehydrogenase is loosely 
associated with erythrocyte membranes, both in vivo and in vitro 
[16]. Our results indicate that the same is the case in lens fiber 
membranes. The absence of the enzyme from urea-extracted lens 
membranes also indicates a loose association. As the functional 
significance of the membrane association of G3PD (near the trans­
membrane anion-transport protein) is unknown in the case of 
erythrocytes [16], the same holds true for lens fiber membranes. 
Membranes from other cell types, as cultured cells (Fig. IG, H) and 
rat liver cells (not shown) do not contain G3PD as a major com­
ponent. We suggest that the membrane association of this glyco­
lytic enzyme may be related to a common feature of lens fiber cells 
and erythrocytes: the absence of mitochondria, which makes these 
cells dependent on the glycolysis for their energy production. 
At the moment, the function of the major protein component 
of membranes from cultured cells, identical to lens MP35, is 
unknown. Published peptide maps of the M
r
 36000 probable 
substrate of p p 6 0 s r c from Rous sarcoma virus, with 32, 24, 23, 19 
and 18xl0"3 M
r
 bands [17], bear some similarity to the maps of 
MP35 in Fig. 2, but it is not warranted to draw conclusions upon 
comparison of peptide maps obtained by different laboratories. Yet 
analysis of proteins, detected as bands or spots after gel electro­
phoresis, by peptide mapping may be an easy way to their identifi­
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Fig. 3. Two-dimensional gels of: (A) 8 μg glyceraldehyde 3-
phosphate dehydrogenase; (B) calf lens membranes, 170 μg protein; 
(C) 170 μg protein, plus 4 μg glyceraldehyde 3-phosphate dehydro­
genase. After non-equilibrium pH-gradient electrophoresis in the 
horizontal direction (origin at the left side), proteins were sepa­
rated by electrophoresis in 13% (w/v) Polyacrylamide gels. aA2, 
aB2, /Шр, A and V denote the corresponding lens crystallins, actin 
and vimentin, respectively. 
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ADDENDUM 
After finishing this manuscript we became aware that Dr. 
Jedziniak (Massachusetts Eye and Ear Infirmary Howe Laboratory 
of Ophthalmology, Boston MA) has found G3PD activity in human 
lens removable from the plasma membranes by EDTA (personal 
communication to H.B. and report 65 to the ARVO meeting 1982). 
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Exp. Eye Res. (1983) 36, 719-729. 
25 

CHARGE AND MOLECULAR WEIGHT HETEROGENEITY OF 
EDTA-EXTRACTABLE PROTEINS FROM CALF LENS 
MEMBRANES 
Summary 
The EDTA-extractable proteins (EEP) of calf lens fiber cell 
membranes have been further characterized. Fiber EEP has been 
purified by gel filtration and resolved into eight bands with 
molecular weights of 30-38 Kdalton by SDS-polyacrylamide gel 
electrophoresis. For epithelial EEP the same range has been 
obtained. In agreement with these findings a value of 33 К has been 
determined for fiber EEP by Sephadex G200 thin-layer gel 
filtration, while 34 Kdalton was found by high-performance gel per­
meation chromatography in combination with low-angle laser light 
scattering (HPGPC-LALLS). The isoelectric focusing patterns of 
fiber and epithelial EEP show considerable charge heterogeneity. 
By two-dimensional electrophoresis the relation molecular weight-
isoelectnc point has been established for most EEP components. 
Peptide maps of the individual protein bands of fiber EEP differ 
from each other and from those of the /Шр-, /3Bj
a
- and β Β ^ -
crystallin bands, which have about the same molecular weight. 
From our results we conclude that EEP is not an oligomenc nor a 
multisubumt protein, but a collection of different extrinsic 
membrane proteins, biochemically unrelated to lens crystallins. The 
fact that removal of the cytoskeleton by urea-treatment of the 
membranes is a prerequisite for its isolation by EDTA or EGTA 
suggests that EEP is bound to the inner surface of the plasma mem­
branes, probably via calcium. 
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3.1 INTRODUCTION 
Earlier investigations have shown that a protein of about 34 
Kdalton is a major constituent of the plasma membranes of calf lens 
fiber and epithelial cells (Broekhuyse and Kuhlmann, 1974; 
Vermerken, Hilderink, Duma, Benedetti and Bloemendal, 1977). By 
means of EDTA Broekhuyse and Kuhlmann (1978) extracted poly­
peptides with molecular weights of 32 and 35 Kdalton from calf 
lens fiber membranes. These EDTA-extractable proteins (EEP), 
probably extrinsic of nature, appeared to be present in the lenses 
of various animal species. They differed from the crystallins with 
respect to their molecular weights, isoelectric points and immuno­
logical properties (Bouman, de Leeuw, Tolhuizen and Broekhuyse, 
1979). 
By improving purification procedure and electrophoretical 
resolution, we have found now that EEP consists of at least eight 
components. The molecular weights (between 30 К and 38 Kdalton), 
isoelectric points and some other characteristics of these proteins 
are reported in this paper. The localization of EEP in the lens cell 
is discussed. 
3.2 MATERIALS AND METHODS 
3.2.1 Isolation of lens membranes 
For the isolation of calf lens fiber membranes the method 
described by Broekhuyse and Kuhlmann (1978) has been used with 
some modifications. Fresh lenses from 4-month-old calves were 
decapsulated and stirred overnight at 4 0 C in two volumes of 50 mM 
Tns-HCl (pH 8.0) - 1 mM СаСІ2. The suspension was centrifuged at 
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9xlO b g.min at 4 0 C. The pellets were homogenized at 0 o C in a 
Potter-Elvehjem tube with teflon pestle in the Tris-CaCl2 buffer 
and the suspension was centnfuged at 9x10^ g.min. For the 
preparation of buffer-washed lens membranes this procedure was 
repeated six times until the supernatant contained only traces of 
protein. 
The sediment was homogenized in 4 volumes of 7 M urea 
containing 50 mM Tris-HCl (pH 8.0) - 1 mM СаСІ2 and stirred for 1 
hr at room temperature. The suspension was diluted with 5 volumes 
of Tris-CaCl2 buffer and centnfuged at 9x10^ g.min at 4 0 C to 
remove urea. The final membrane sediment was stored as a 
suspension in buffer at -20° C. 
In order to prepare calf lens epithelial membranes, fresh 
lenses were frozen on a plateau at -20°C with the epithelial (flat) 
side turned upwards. By incising the surface of the frozen lenses 
with a cork borer of 12 mm diameter and by immersing the lenses 
afterwards in Tris-CaCl2 buffer (20oC) the epithelia (+ capsules) 
spontaneously detached from the rest of the lens. This method 
minimized contamination of the epithelial cells by fiber cell mem­
branes. 
The epithelia were homogenized at 0 o C in a Potter- Elvehjem 
tube with loosely fitting pestle in 50 mM Tris-HCl (pH 8.0) - 1 mM 
СаСІ2. After spontaneous sedimentation of the capsules the 
supernatant containing epithelial cells was pipetted off. This 
procedure was repeated about three times until no more cellular 
material could be detected in the supernatant by light microscopy. 
The supernatants were collected and centnfuged at 9x10^ g.min at 
4° C. For the preparation of buffer-washed and urea-treated mem­
branes from the remaining pellet the same methods were used as 
described for lens fiber membrane isolation. 
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3.2.2 Extraction of EDTA-extractable proteins (EEP) from calf 
lens fiber or epithelial membranes 
The suspension of urea-treated membranes was homogenized 
in twice its volume of water and centnfuged at 9x10° g.min. The 
supernatant containing a water-extractable protein fraction called 
WEP (Broekhuyse and Kuhlmann, 1978) was isolated and the 
extraction was repeated. The remaining sediment was homogenized 
in 50 mM Tris-HCl - 2 mM EDTA (pH 8.0) and stirred for 1 hr at 
room temperature. The suspension was centnfuged at 9x10^ g.min. 
The EDTA-extraction was carried out twice and the supernatants 
containing EEP were lyophilized and dissolved in water. In some 
extractions EDTA was replaced by EGTA. Membranes and EEP 
were stored at - 2 0 е С 
3.2.3 Purification of EEP 
EEP was purified by Sephadex G100 gel chromatography at 
4 0 C . The column (59x1.6 cm) was equilibrated with 50 mM Tris-HCl 
- 2 mM EDTA (pH 8.0) and eluted with the same buffer. The column 
fractions were identified by SDS-gel electrophoresis, pooled and 
lyophilized. EEP was dissolved in water, dialysed at 4°С versus 1 
mM Tris-HCl - 0.125 mM EDTA (pH 8.0) for 24 hr, lyophilized and 
dissolved in water. The EEP solution was stored at -20°C. 
3.2.4 Analytical procedures 
Protein determinations using bovine serum albumin as a 
standard were earned out according to Lowry, Rosebrough, Farr 
and Randall (1951), or according to Lees and Paxman (1972) when 
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addition of SDS was necessary to solubilize the samples. The З10-
Rad protein micro assay (Bradford, 1976) was used for monitoring 
column effluents. 
SDS-polyacrylamide gel electrophoresis was performed in 10 
and 13% gels (0.75 mm thick) containing 0.1% SDS (99% dodecyl 
sulfate, Serva) according to Laemmli (1970). The stacking gel 
contained 3% Polyacrylamide. The gels were stained at 60°С in 
methanol-water-acetic acid (45:45:10, vol/vol) containing 250 mg 
Coomassie Blue R250 per 100 ml for 3 hr. Destaining was performed 
in water-acetic acid-methanol (875:75:50, vol./vol.) at 60°C 
overnight. Samples for SDS-gel electrophoresis were soiubilized in 
5% SDS - 2% DTT by heating at 80°С for 10 mm. 
Isoelectric focusing was performed in 5% Polyacrylamide gel 
according to Bours (1971) except that 1% of the neutral detergent 
Lubrol PX was present in the gel. 
Amino acid analysis was carried out with a Jeol 6-AH amino 
acid analyzer after hydrolysis at 110oC in 5.7 N HCl in sealed 
evacuated glass tubes for 24 hr. 
3.2.5 Two-dimensional electrophoresis 
After isoelectric focusing (first dimension), a strip containing 
the separated proteins of 100 μg EEP was incubated at 37 0 C in 100 
μΐ 5% SDS - 2% DTT for 30 mm. After incubation the strip was 
placed in the stacking gel in a slot of corresponding length and it 
was overlayered with 1% agarose. Afterwards, electrophoresis in 
the second dimension was carried out vertically in a 1.5 mm 
separating gel of 10% Polyacrylamide. Both stacking and separating 
gels contained 0.1% SDS. 
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3.2.6 Peptide mapping 
One-dimensional peptide maps of the EEP protein bands 
present in a SDS-polyacrylamide gel were obtained by using the 
method described by Cleveland, Fischer, Kirschner and Laemmli 
(1977) with the following modifications. Preparative electro­
phoresis of EEP was performed in a 0.75 mm 10% Polyacrylamide 
gel. The gel was stained with Coomassie Blue at room temperature 
for 10 min and partially destained. The individual bands were cut 
out and equilibrated in 0.125 M Tris-HCl - 0.1% SDS - 1 mM EDTA 
(pH 6.8) - bromophenol blue for 5-10 min. The gel pieces were put 
into the slots of a 13 mm stacking gel of a second SDS-gel and 
overlayered with 150 ng Staphylococcus aureus V8 protease in 5 μΐ 
digestion buffer [(0.125 M Tris-HCl - 0.1% SDS - 1 mM EDTA -
10% glycerol (pH 6.8)]. The separating gel (1.5 mm) contained 18% 
Polyacrylamide. Electrophoresis occurred as described. However, 
the current was interrupted for 30 min when the bromophenol blue 
front had reached the edge of the stacking gel. After staining and 
destaining of the gel, the bands of the peptides generated by 
limited proteolysis of the EEP proteins could be observed. 
3.2.7 Molecular weight estimation of EEP 
The molecular weight of EEP has been estimated by each of 
the following techniques: 
(i) SDS-polyacrylamide gel electrophoresis (Laemmli, 1970). 
(ii) Thin-layer gel filtration in SDS-free medium. This was 
accomplished with the apparatus of Boehringer (Mannheim) in 
Sephadex G200 (super fine) in 50 mM Tris-HCl - 2 mM EDTA 
(pH 8.0). 
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(iii) High-performance gel permeation chromatography (HPGPC) in 
combination with low-angle laser light scattering (LALLS; 
Bindels, de Man and Hoenders, 1982). A combination of a pre-
column (GSWP), TSK GEL SW type columns (G 4000 SW and G 
3000 SW), a LALLS photometer (Chromatix KMX-6) and a 
differential refractive index detector (Melz: LCD 201) were 
used. Elution was performed at constant flow rate of 0.6 
ml/min (pump: Altex/Beckman model 100 A) with 0.1 M 
Na2S04 - 0.02 M sodium phosphate buffer - 1 mM EDTA (pH 
6.8). Samples of 200 μ\ with a protein concentration of 6-7 
mg/ml were applied using a loop injector (Valco: CV-6-UHPa). 
3.3 RESULTS AND DISCUSSION 
3.3.1 Purification of EEP 
In agreement with earlier findings (Broekhuyse and Kuhlmann, 
1978; Bouman et al., 1979) we found that a discrete group of 
proteins can be extracted from urea-treated calf lens fiber and 
epithelial membranes by EDTA (EGTA gives a similar result). 
Without preceding removal of the cytoskeleton no EEP was 
released. The recovery of EEP from fiber membranes amounted to 
3-5% and from epithelial membranes 2-4% on membrane protein 
basis. 
On a 13% SDS-polyacrylamide gel (crude) fiber EEP shows 
eight bands with molecular weights ranging from 30 К up to 38 
Kdalton (Fig. 1). For epithelial EEP the same range has been found 
(results not shown). From Fig. 1 it appears that fiber EEP does not 
contain glyceraldehyde 3-phosphate dehydrogenase, a protein that 





Fig. 1. SDS-gel electrophoresis (13% gel, 0.75 mm) of (1) calibra­
tion proteins, (2) lens crystallins, (3) glyceraldehyde 3-phosphate 
dehydrogenase from rabbit muscle (mol. wt. subunits 36 K), (4) and 
(5) EDTA-extractable proteins from lens fiber membranes (crude 
preparation, 12 μζ and 30 μg, respectively). Calibration proteins 
(from bottom to top): lysozyme (14.3 K), trypsin inhibitor (21 K, 
major band of triplet), chymotrypsinogen A (25.7 K), ovalbumin (43 
K), catalase (58 K), serum albumin (68 K) and Phosphorylase A (92.5 
K). 
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Raaij and Bloemendal, 1982). In the crude fiber EEP e x t r a c t a - and 
/J-crystallin, a polypeptide at 68 Kdalton and some other proteins 
are present. In agreement with the results of Bouman et al. (1979) a 
14.5 К polypeptide can also be detected. 
By means of Sephadex G100 gel filtration of crude fiber EEP 
three peaks have been obtained (Fig. 2). The protein contents of 
the peaks are represented by the block diagram in Fig. 2. All 
protein is found in the first two peaks. The third peak contains 
EDTA originating from the isolation procedure. The recovery of 
protein after Sephadex G100 gel filtration is 80-85%. 
SDS-gel electrophoresis reveals that the second peak contains 
EEP [Fig. 3(a)]. Besides bands of EEP and a- and Д-crystallin, the 
first peak (containing 13-15% of the total eluted protein) shows 
protein bands with molecular weights between 40 and 60 К and a 
band at about 14.5 Kdalton. Probably these proteins originate from 
a high molecular weight aggregate that dissociates in the presence 
of SDS. 
In the first fractions of the EEP-containing second peak the 
intensity of the low molecular weight protein bands seems to be 
drastically reduced. However, a 68 К protein band appears which is 
not present in the first peak. During further elution this protein 
disappears and only the EEP protein bands remain. In the last 
fractions of the EEP peak the 14.5 К protein is present so that only 
the middle part of the second peak contains EEP without 
detectable impurities. 
An interesting feature is the shift of the relative quantities 
of the EEP protein bands in the second peak. In the first half of the 
EEP peak protein bands 2 and 4-8 [numbers refer to EEP bands 
shown in Fig. 3(b)] dominate whereas in the second half bands 1 and 
3 become more prominent. Band 3 elutes later from the column than 
band 2 which appears to have a lower molecular weight on SDS-gel. 








Fig. 2. Sephadex G100 gel filtration of fiber EEP. Absorbance at 
280 nm (curve) and protein content per fraction (block diagram). 
The column (59x1.6 cm) was eluted with 50 mM Tris-HCl - 2 mM 
EDTA (pH 8.0) at a rate of 14 ml/hr. Fractions of 2.8 ml were 
collected. 
showing an apparently higher molecular weight as a consequence of 
a decrease of the total negative charge caused by a lower capacity 
of binding SDS (Leach, Collawn and Fish, 1980). The amino acid 
composition of the protein is another important factor in the 
binding of SDS to protein. Changing just one amino acid in the 
primary structure of mammalian a-crystallin A chains greatly 
affects the mobility of the proteir on a SDS-polyacrylamide gel (De 
Jong, Zweers and Cohen, 1978). 
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Fig. 3, (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of calibra-
tion proteins (cp, as in Fig. 1), urea-treated lens membranes (1m) 
and fractions 16-31, obtained by gel filtration of EEP as described 
in Fig. 2. (b) SDS-gel electrophoresis (10% gel, 0.75 mm) of purified 
EDTA-extractable proteins (8 μξ). The apparent molecular weights 
of the individual bands are given in Kdalton (mean values of three 
gels). 
3.3.2 Characterization of EEP 
The amino acid composition of purified EEP differs from those 
published earlier (Broekhuyse and Kuhlmann, 1978; Bouman et al., 
1979). We found lower mol. % for Pro and Val and significantly 
higher values for Asp and Lys. Probably these differences reflect 
the increased degree of purity of EEP. 
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If EEP is subjected to electrophoresis in a 10% SDS-gel in-
stead of a 13% gel the eight EEP bands are better resolved [Fig. 
3(b)]. SDS containing only dodecyl sulfate and no CJQ, €¡4 or Cjg 
homologues is necessary to obtain the high resolution in both types 
of gel. The patterns of urea-treated fiber membranes and EDTA-
extracted membranes show a similar molecular weight hetero-
geneity and quantitative distribution of the components of EEP. 
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Fig. 4. Sephadex G200 (super fine) thin-layer gel filtration in 50 
mM Tns-HCl - 2 mM EDTA (pH 8.0) of EEP, chymotrypsinogen A 
(25.7 K), carbonic anhydrase (28 K), ovalbumin (43 K), catalase (58 
K), Phosphorylase A (92.5 K), goat immunoglobulin G (158 К) and 
ferritin (540 K). MDCyt is the migration distance of a protein with 
regard to cytochrome с 
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By means of Sephadex G200 thin-layer gel filtration a 
molecular weight of 33 К ± 2 Kdalton for EEP has been obtained 
(Fig. 4). A molecular weight of 34 К ± 2 Kdalton was determined by 
high-performance gel permeation chromatography in combination 
with low-angle laser light scattering (Fig. 5). These values for 
native EEP are in agreement with those determined by SDS-gel 
electrophoresis [Fig. 3(b)]. 
DRI detection 
- ι 1 1 1 1 1 1 1 — 
10 2 0 30 АО 50 60 70 Θ0 
Retent ion time (min) 
Fig. 5. High-performance gel permeation chromatography of 
EDTA-extractable proteins. Elution profiles were obtained by 
differential refractive index (DRI) detection and low-angle laser 
light scattering (LALLS) detection of EEP. 
After partial digestion with Staphylococcus aureus protease 
the EEP bands yield completely different one-dimensional peptide 
maps (Fig. 6). In addition these peptide maps all differ from those 
obtained from /5Bp-, /JBj
a
- and /JBjij-crystallin bands. 
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Fig. 6. One-dimensional peptide maps (18% gel) obtained after 
partial digestion with Staphylococcus aureus protease. (1) lens 
crystallins; (2-4) digestions of /Шр-, /5Bj
a
- and /îBj^-crystallin 
bands, respectively, by 500 ng enzyme; (5-9) digestions of EEP 
protein bands 1, 2+3, 4+5, 6 and 7, respectively [numbers refer to 
EEP bands shown in Fig. 3(b)], by 150 ng enzyme; (10) Staphylo-
coccus aureus V8 protease (500 ng); (11) undigested EEP; (12) cali-
bration proteins as in Fig. 1. 
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In Fig. 7(a) the isoelectric focusing pattern of fiber EEP is 
shown. Six major bands with pi values of 4.8 (doublet), 6.1, 6.5, 7.2 
and 7.7 as well as a great number of minor bands with pi values 
extending from 4.8 up to 8.8 are present in EEP. This extended 
pattern demonstrates the considerable charge heterogeneity within 
EEP. The basic components (pl>8.0) of EEP have been detected for 
- 7 . 8 
t -7.3 
"^"HWII — 6 . 3 
/**. -4.8 
fEEP cp eEEP 
а о 
Fig. 7. Isoelectric focusing patterns of fiber EEP (a) and epithelial 
EEP (b). Isoelectric points of calibration proteins (cp): ovalbumin 
(4.5), lactoglobulin (5.35 and 5.45), carbonic anhydrase (6.2), myo­
globin (7.2 and 7.6, not shown) and acetylated cytochrome с (8.3, 
not shown). 
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the first time in this study. Fiber EEP is a stable protein prepara­
tion as appears from the fact that sixteen times freezing and 
thawing or storage during four weeks in 10 mM Tris-HCl - 1 mM 
EDTA (pH 8.0) at room temperature did not influence the iso­
electric focusing pattern (results not shown). 
Table I. Relation molecular weight-isoelectric point of fiber EEP 
polypeptides* 























31.5, 34.0 and 37.5 
31.5 and 34.0 
34.0 
31.5, 31.8 and 33.0 
31.5 
* Data obtained by two-dimensional gel electrophoresis (Fig. 8). 
** Apparent molecular weights refer to bands in Fig. 3(b). 
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The isoelectric focusing pattern of crude epithelial EEP 
differs from that of fiber EEP [Fig. 7(b)]. It shows four main 
protein bands with pi values of 4.8, 6.3, 7.3 and 7.8 and many minor 
bands. They possibly correspond to the 4.8, 6.1 or 6.5, 7.2 and 7.7 
bands of fiber EEP, although the overall pattern looks quite 
different. A further study of the epithelial EEP is necessary to 
characterize its relation to fiber EEP. 
From two-dimensional electrophoresis of fiber EEP (first 
dimension: isoelectric focusing; second dimension: SDS-gel electro-
phoresis) the relation molecular weight-isoelectric point has been 
established for its components (Fig. 8). The results are summarized 
in Table I. Several protein bands with different pi values 
correspond to the same protein band on a SDS-gel demonstrating 
charge heterogeneity of individual EEP components. The reverse is 
also true. Some polypeptides with different apparent molecular 
weights may have the same isoelectric point. 
From our results we conclude that EEP is not an oligomeric 
protein nor composed by subunits, but a collection of protein 
molecules with molecular weights of 30-38 Kdalton that can be 
partially released from lens membranes by means of EDTA or 
EGTA. This makes it very likely that the extractable protein 
molecules are bound to the membrane via calcium ions. The 
remaining part of the 30-38 Kdalton proteins is more strongly 
bound. Their SDS-gel electrophoresis pattern is very similar to that 
of the extracted fraction (EEP). Hence EDTA does not selectively 
extract components of this group. Because of the fact that removal 
of the cytoskeleton is a prerequisite for its extractability EEP is 
probably bound to the inner surface of the fiber cell membrane 
(Broekhuyse and Kuhlmann, 1978). EEP could not be found in SDS-
gels of the urea-soluble fraction (not shown) and, therefore, is very 
likely not a component of the cytoskeleton. 
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Fig. 8. Two-dimensional electrophoresis of fiber EEP. In the first 
direction isoelectric focusing (EF) and in the second direction SDS-
gel electrophoresis. 
In vitro, the isolated and purified fiber EEP aggregates in the 
presence of CaCl„. Final concentrations of 5-10 mM CaCU cause 
precipitation of 80-100% of the EEP. Calcium-induced protein 
aggregation has also been described for bovine a-crystallin by 
Jedziniak, Kinoshita, Yates, Hocker and Benedek (1972) and 
Spector and Rothschild (1973). Because of the possible relation 
between cataract induction and elevation or depression of the 
internal calcium concentration (Jedziniak, Nicoli, Yates and 
Benedek, 1976; Clark, Mengel, Bagg and Benedek, 1980; Hightower 
and Reddy, 1982a,b) it would be interesting to study the role of 
EDTA (or EGTA)-extractable proteins in the process of calcium-
dependent opacification of the lens. 
sDs
 ^  I 
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IMMUNOLOGICAL RELATIONSHIP BETWEEN THE EDTA-
EXTRACTABLE PROTEINS FROM CALF LENS FIBER 
MEMBRANES 
Summary 
An antiserum has been prepared against the EDTA-extracta-
ble proteins (EEP) from calf lens fiber membranes. It was shown to 
be highly specific for EEP. Using this anti-EEP antiserum in 
(crossed-Iine) Immunoelectrophoresis and (crossed) immunoelectro-
focusing experiments, evidence was obtained that all of the EDTA-
extractable proteins are immunologically related. They have at 
least one of six different antigenic determinants in common, while 
some of the proteins with pi values above 4.8 probably have a 
second common determinant. The acidic proteins of EEP comprise 
specific determinants with a low immunogenicity. Furthermore, it 
was demonstrated that no crystallin-like determinant was present 
on the EEP molecules. 
4.1 INTRODUCTION 
Recently we have characterized the EDTA-extractable 
proteins (EEP) of calf lens fiber and epithelial cell membranes (van 
Raaij, de Leeuw and Broekhuyse, 1983). EEP appeared to be a 
collection of different monomeric extrinsic membrane proteins with 
molecular weights of 30 К to 38 Kdalton, that show considerable 
charge heterogeneity and are not related to lens crystallins. 
Immunological properties of calf EEP have been studied by 
Broekhuyse and Kuhlmann (1978) and Bouman, de Leeuw, Tolhuizen 
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and Broekhuyse (1979). The latter authors found that EEP com-
prises at least two different antigenic determinants. 
Bouman and Broekhuyse (1981) reported comparative immuno-
logical data of the EDTA-extractable proteins of calf, pig, sheep 
and chicken lenses. They observed that the mammalian EEPs are 
related, while no cross-reactivity exists between chicken and calf 
EEP. 
In this paper we present the immunological characteristics of 
EEP isolated from calf lens fiber membranes. Evidence was 
obtained that all of the EDTA-extractable proteins have one 
antigenic determinant in common. In addition, no crystallin-like 
determinant was found to be present on the EEP molecules. 
4.2 MATERIALS AND METHODS 
4.2.1 Isolation and purification of EDTA-extractable 
proteins (EEP) 
EEP was extracted from urea-treated fiber membranes of de-
capsulated calf lenses and afterwards purified by Sephadex G100 
gel filtration according to the method of van Raaij et al. (1983). 
Only purified EEP has been used in the experiments described in 
this paper. 
4 .2 .2 Analytical procedures 
Protein determinations, sodium dodecyl sulfate (SDS)-gel 
electrophoresis in 13% gels and isoelectric focusing have been 
carried out as reported by van Raaij et al. (1983). 
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4.2.3 Immunological methods 
Preparation of the antisera 
Anti-EEP antiserum was prepared by injecting intradermally 
an emulsion of 1 ml of a solution of purified EEP (1 mg protein 
according to the dye-binding (Bio-Rad) method) in 1 ml Freund's 
complete adjuvant into the back, arm-pits and groins of a rabbit. 
After 35 and 45 days, additional boosters, 1 mg EEP each, were 
given without adjuvant by subcutaneous injections. The antiserum 
was isolated at day 52. During the immunizations, the antibody 
titers were monitored by double immunodiffusion in 1% agarose 
containing 4% polyethylene glycol (PEG) 6000 (Bouman and 
Broekhuyse, 1981). 
For antiserum directed to total lens crystallins, rabbits were 
first immunized with 30 mg of a mixture of isolated /5- and γ-
crystallin. Fifteen milligram was mixed with Freund's complete 
adjuvant and injected at multiple sites. The rest (mixed with 
incomplete adjuvant) was injected into the foot pads. After 47 and 
57 days additional boosting with 15 mg total lens crystallins was 
necessary to obtain a sufficiently high anti-a-crystallin titer. The 
antiserum was isolated at day 71. 
Complement fixation test 
The complement fixation test was performed as described by 
Rose, Bartholomew, Bigazzi and Zarco (1973). The concentration of 
all of the water-soluble proteins used in this test was 1 μg/ml. The 
main intrinsic protein (¡VHP) was used as a suspension in Triton Χ­
Ι 00 with a protein concentration of 10 ^g/ml. 
53 
(Crossed-lme) Immunoelectrophoresis 
Immunoelectrophoresis was carried out according to the 
method of Scheidegger (1955) except that 4% PEG 6000 was 
present in the agarose gel (agarose M, LKB). 
For crossed-Iine Immunoelectrophoresis the procedure 
described by Kr0ll (1973) was used with some modifications. After 
agarose electrophoresis of EEP in the first dimension (as in 
Immunoelectrophoresis) the gel strip with the separated proteins 
was placed on a glass plate between an agarose gel, containing a 
discontinuous anti-EEP antiserum gradient (anodic side) and a gel 
strip charged with EEP (cathodic side). Contact gels were present 
at both ends of the plate. Electrophoresis in the second dimension 
was performed at 0.3 V/cm for 20 hr using Tris-veronal - sodium-
veronal electrophoresis buffer (pH 8.8, ionic strength 0.09) (Gelman 
High Resolution Buffer) to which 0.01% thiomersal was added. 
Afterwards the serum proteins were removed by washing in 1% 
NaCl containing 0.02% № N 3 for 24 hr with several changes. After 
washing and drying the slides were stained with Coomassie Brilliant 
Blue. 
(Crossed) immunoelectrofocusmg 
Immunoelectrofocusing was carried out using a modification 
of the method of Catsimpoolas (1969). After isoelectric focusing, 
0.5 crn wide antigen strips were incubated for 30 min in Tns-
veronal - sodium-veronal buffer (pH 8.8, ionic strength 0.09) at 
37 0 C to adjust the pH. Then the strips were turned upside down and 
applied to the surface of a 1% agarose gel containing the same 
buffer (ionic strength 0.025) and 4% PEG 6000. Troughs were cut at 
a distance of 0.4 cm from the strips and filled with the appropriate 
antiserum. The diffusion was allowed to proceed for 72 hr at room 
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temperature. The washing and staining procedures of the gel were 
as described. 
The method for crossed immunoelectrofocusing of EEP 
resembles that outlined for crossed-line Immunoelectrophoresis. 
Instead of an agarose gel strip with the separated EDTA-
extractable proteins an electrofocusing strip of EEP, incubated in 
veronal buffer, was embedded in agarose for electrophoresis in the 
second dimension. No extra agarose gel strip containing EEP was 
present. 
Immunological detection of proteins on nitrocellulose 
sheets 
Transfer of proteins to nitrocellulose filter (Schleicher and 
Schuil BA 85, pore size 0.45 μπι) was carried out electropho-
retically from SDS-polyacrylamide gels (Towbin, Staehelin and 
Gordon, 1979) and by diffusion in the case of thin-layer Polyacryl­
amide isoelectric focusing gels (Glynn, Gilbert, Newcombe and 
Cuzner, 1982). The buffer used for the electrophoretic transfer was 
25 mM Tris - 192 mM glycine buffer containing 20% (v/v) methanol. 
A voltage gradient of 6 V/cm was applied for 16-20 hr. 
Immediately after blotting the nitrocellulose filters were 
soaked (2 hr; 20oC) in buffer consisting of 0.3% gelatine, 0.15 M 
NaCl, 0.01 M Tns-HCl (pH 7.5), 0.1 mM PMSF, 1% Triton X-100 
and 0.5% sodium deoxycholate (RIA-buffer). Afterwards the blots 
were incubated (18 hr; 20oC) with antiserum appropriately diluted 
into RIA-buffer, washed for 20 mm with three changes of buffer 
and then incubated (90 min; 20oC) with RIA-buffer containing ^ 5 j 
protein A (3.5 μg; 1.73 /uCi/μg). Protein A was labeled with l^Sj 
by the chloramine-T method (Greenwood, Hunter and Glover, 1963). 
The filters were washed three times with RIA-buffer and once with 
water. After drying of the blots at 60 o C (20 min) an autoradiograph 
was prepared by exposing to Kodak X-Omat AR film for 72 hr. 
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4.3 RESULTS 
4.3.1 Specificity of the anti-EEP antiserum 
The specificity of the anti-EEP antiserum (A-EEP) (i.e. the 
absence of antibodies against lens crystallins or membrane proteins 
other than the EDTA-extractable proteins), was determined in a 
number of immunological experiments. In both double and radial 
immunodiffusion, A-EEP yielded no precipitin line with lens 
crystallins (results not shown), whereas a strong precipitation 
reaction was observed with EEP (Fig. 1). Immunoelectrophoresis of 
total lens crystallins against A-EEP revealed no immune precipitate 
of the separated crystallins with the antiserum [Fig. 2(a)]. The 
same holds true for immunoelectrofocusing of total lens crystallins 
against A-EEP [Fig. 3(a)]. 
Fig. I. Immunodiffusion of EEP (e) versus A-EEP. (a) Double 
immunodiffusion pattern. Well 1, A-EEP undiluted; wells 2-8, A-
EEP stepwise diluted (1:2 - 1:128). (b) Radial immunodiffusion 
pattern. A-EEP was incorporated into the agarose gel. 
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By complement fixation tests immune complexes of EEP with 
A-EEP could be detected using dilutions of the antiserum up to 
1:640. If total lens crystallins, separate lens crystallins (α, ßy{, ß\^ 
and γ) от the main intrinsic protein of calf lens membranes (main 
intrinsic protein, MIP; Broekhuyse, Kuhlmann and Stols, 1976) were 
used as the antigens in this test there was lack of antigen-antibody 
complex formation, indicating the absence of antibodies against 
these proteins in A-EEP. 
As further proof for the specificity of the anti-EEP anti­
serum, electroblots of SDS-gels, containing total lens crystallins, 
EEP, MIP and urea-treated lens membranes, were incubated with 






j protein A as described in Materials and 
Methods. The results are shown in Fig. 4. A-EEP specifically binds 
to the EEP protein bands and not to other membrane proteins or 
lens crystallins (including FM-crystallin). In addition, no 
radioactivity could be detected on A-EEP-treated diffusion blots of 
isoelectric focusing gels, comprising the separated lens crystallins 
(results not shown). 
4.3.2 Immunological characteristics of the EDTA-extractable 
proteins 
The antigenic properties of the EDTA-extractable proteins 
were investigated by several immunological methods. Two 
precipitin lines running parallel to each other were obtained by 
double immunodiffusion [Fig. 1(a)], while two precipitin rings 
developed by radial immunodiffusion [Fig. 1(b)]. In Immunoelectro­
phoresis, EEP formed at least two heavy and two faint precipitin 
arcs with A-EEP [Fig. 2(a)]. The precipitation extended along the 
whole region of the separated proteins of EEP. Probably the major 
lines are the same as the two lines found by immunodiffusion. All 
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Fig. 2. (a) Immunoelectrophoresis of EEP (e) and total lens 
crystallins (1c) against A-EEP (E) and anti-total lens crystallins 
(LC). (b) Crossed-line Immunoelectrophoresis of EEP (e) against A-
EEP. Agarose electrophoresis (EFj) of 100 /ug EEP was followed by 
electrophoresis of the proteins in the second dimension (EF2), 
consisting of two agarose gels containing A-EEP diluted 1:30 and 
1:15, respectively. The pi values indicated along the reference strip 
are obtained by isoelectric focusing in the second dimension of an 
identical unstained agarose strip (results not shown). 
adjacent precipitin lines crossed each other, indicating the absence 
of common determinants. 
Immunoelectrophoresis of some EEP preparations against anti-
total lens crystallin antiserum (A-LC) revealed a weak precipitin 
line at the anodic side [Fig. 2(a)]. By comparison with the Immuno-
electrophoresis pattern of total lens crystallins against A-LC the 
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position of this line was found to be the same as that of the fast-
moving protein (FM-crystallin). The precipitation reaction 
presumably was caused by the presence of traces of this protein in 
EEP (see also Discussion). 
In Fig. 2(b) the result of crossed-lme Immunoelectrophoresis 
of EEP against A-EEP is shown. By this two-dimensional method, 
the four precipitin arcs that are visible in Fig. 2(a) changed into 
broad peaks. Two additional precipitin lines [Fig. 2(b), lines 5 and 
6] were present that could not be detected in Fig. 2(a). As in 
Immunoelectrophoresis, reactions of partial or complete identity 
could be excluded. 
At least three precipitin lines were obtained by immuno-
electrofocusing of EEP against A-EEP [Fig. 3(a)]. The proteins 
with isoelectric points between 5.0 and 8.8 formed a precipitin line, 
showing a decrease in colour intensity from the anodic to the 
cathodic side. This line was crossed by a short, heavy precipitin 
line in the region with pi values ranging from 5.8 to 7.6. The third 
immune precipitate, originating from the most acidic proteins of 
EEP (pi 4.8), was present as a faint and diffuse precipitin line at 
the anode indicating the low antigenicity of these proteins. 
The precipitin lines, developed in immunoelectrofocusing, 
corresponded well with the peaks found by crossed immuno-
electrofocusing [Fig. 3(b)]. However, the short precipitin line with 
its centre at pi 6.5 extended along the whole pi range of EEP in the 
two-dimensional pattern. Furthermore, we noticed two other clear 
precipitates [Fig. 3(b), lines 5 and 6] that were not visible as 
precipitin lines in Fig. 3(a). In the anodic region two weak 
precipitin peaks appeared, of which the more acidic one was 
represented by the faint precipitin line of Fig. 3(a). 
The antigenicity of the EDTA-extractable proteins was 
further studied by means of the blotting technique. A diffusion blot 
of a thin-layer Polyacrylamide isoelectric focusing gel of EEP was 
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Fig. 3. (a) Immunoelectrofocusing of EEP (e) and total lens 
crystallins (le) against A-EEP (E). (b) Crossed immuno­
electrofocusing of EEP against A-EEP. In the first direction 
isoelectric focusing (lEF) and in the second direction electropho­
resis (EF) in a discontinuous gradient of A-EEP in agarose 
(antiserum diluted 1:24 and 1:12, respectively). Corresponding 
numbers in Figs 2(b) and 3(b) represent the same precipitin lines. 






i protein A. The resulting 
autoradiograph showed a pattern which was identical v/ith that of 
the reference gel (Fig. 5). All of the protein bands of EEP appeared 
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Fig. 4. (a) Coomassie Blue-stained SDS-gel of (1) lens crystal lins, 
(2) fiber EEP, (3) MIP and (4) urea-treated lens fiber membranes, (b) 
Autoradiograph of the corresponding electroblot, incubated with A-
EEP and l^bj.igijgjg^ p
r o
t e i n A. Lanes 2a and 2b contain different 
amounts (8 and 16 ^g, respectively) of the EEP preparation shown 
in (a). 
Fig. 5. (a) Coomassie Blue-stained isoelectric focusing gel of fiber 
EEP. (b) Autoradiograph of the corresponding diffusion blot, 
incubated with A-EEP and ^^\-\abeled protein A. 
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4.4 DISCUSSION 
The present study reveals the antigenic properties of the 
EDTA-extractable proteins from calf lens fiber membranes. From 
the absence of immune precipitates of anti-EEP antiserum with lens 
crystallins in all of our immunological experiments, we conclude 
that no crystalhn-like determinant is present on EEP. This is not in 
agreement with the results of Bouman et al. (1979). These authors 
suggested that EEP and y-crystallin had a common antigenic 
determinant. Probably their A-EEP contained antibodies against γ-
crystallin, due to the presence of small amounts of this protein in 
the EEP samples used for immunization. 
In Immunoelectrophoresis of some EEP preparations against 
anti-total lens crystallin antiserum a weak precipitin line appeared 
at a position equal to that of FM-crystallm. The same result was 
obtained by Bouman et al. (1979). According to Gness, Zigman and 
Yulo (1976), native FM-crystallin has a molecular weight of 42000 
dalton. Therefore, this protein possibly is co-eluted with EEP after 
Sephadex G100 gel filtration of the crude EDTA extract (van Raaij 
et al., 1983) resulting in a contamination of EEP with traces of FM-
crystallin. 
The antibodies prepared against purified EEP did not form 
immune complexes with membrane proteins other than EEP. This 
result indicates that no immunological relationship exists between 
EEP and proteins like MIP (main intrinsic protein) and unidentified 
polypeptides present in calf lens fiber membranes (Broekhuyse and 
Kuhlmann, 1974). 
From the results of (crossed-line) Immunoelectrophoresis and 
(crossed) immunoelectrofocusing of EEP against A-EEP we have 
obtained evidence that EEP comprises at least six different 
antigenic determinants. Combining the results of two-dimensional 
gel electrophoresis of EEP (van Raaij et al., 1983; Fig. 8) and the 
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presence of a precipitin line along the whole pi range of EEP [Fig. 
3(b), line l ] , we conclude that all of the EDTA-extractable 
proteins have one determinant in common. In addition, some of the 
proteins of EEP with pi values above 4.8 have a second common 
antigenic determinant, as shown by the precipitin line designated as 
'2' in Figs 2(b) and 3(b). In crossed immunoelectrofocusing this line 
sometimes splits into two lines of congruent geometry in the basic 
pi region [Fig. 3(b)]. Probably this is an artefact caused by proteo-
lytic activity of the antibody preparation (Bjerrum, Ramlau, 
Clemmesen, Ingild and B0g-Hansen, 1975). 
The two weak precipitin lines [Figs 2(b) and 3(b), lines 3 and 
4] are confined to the acidic pi region. They originate from low 
immunogenic determinants. Blots of isoelectric focusing gels of 
EEP showed faint staining in the pi region from 4.8 to 6.0 after 
incubation with A-EEP and ^^l-labeied protein A (Fig. 5). This 
result indicates the presence of small amounts of antigen-antibody 
complexes. 
Summarizing, we have demonstrated that the EDTA-
extractable proteins from calf lens fiber membranes are immuno-
logically related. The presence of at least one common EEP-
specific determinant and the absence of crystallin-like 
determinants on EEP strongly suggest that these different extrinsic 
membrane proteins are all members of one protein family, sharing 
no immunological properties with lens crystallins. 
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CALCIUM-DEPENDENT BINDING OF EDTA-EXTRACTABLE 
PROTEINS TO CALF LENS FIBER MEMBRANE 
STRUCTURES 
Summary 
Calf lens fiber membranes and fractions enriched in junction-
like structures have been isolated in the absence and presence of 
EDTA. Their biochemical features have been studied. Sodium 
dodecyl sulfate Polyacrylamide gel electrophoresis and immuno-
blotting experiments have provided evidence that a distinct group 
of EDTA-extractable proteins, being one of the main protein 
components of calf lens fiber membranes and very likely also of 
junction-like structures, is bound to these membranes via calcium 
ions. In addition to these proteins, four polypeptides with apparent 
molecular weights between 14000 and 17000 are characteristic for 
detergent-insoluble lens fiber structures prepared in calcium-rich 
medium. The absence of EDTA-extractable proteins in the urea-
soluble calcium-containing fraction implies that they are not 
components of the cytoskeleton and that the calcium-dependent 
binding of these proteins to the membrane is urea-resistant. The 
use of EDTA throughout the whole membrane isolation procedure 
results in their complete removal from the membranes which 
already starts during buffer washing. This indicates that EDTA-
extractable proteins exclusively consist of extrinsic membrane 
proteins which probably are not involved in cytoskeleton binding. 
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5.1 INTRODUCTION 
Earlier studies have shown that a distinct group of extrinsic 
membrane proteins can be partially extracted from urea-treated 
calf lens fiber membranes by means of EDTA or EGTA [l-3]. For 
this reason the EDTA-extractable proteins (EEP) were supposed to 
be bound to the inner surface of the fiber cell membrane via 
calcium ions, whereas the non-extractable part was thought to be 
more strongly bound. 
In the present communication evidence is provided that EEP 
exclusively consists of extrinsic membrane proteins and that 
calcium very probably is the only prerequisite for their in vivo 
binding to calf lens fiber membrane structures. 
5.2 MATERIALS AND METHODS 
5.2.1 Isolation of lens membranes 
Fiber membranes were prepared from whole decapsulated 4-
month-old calf lenses according to van Raaij et al. [З] . In short: 
the lens mass was repeatedly extracted with buffer and afterwards 
the pellet consisting of membrane-cytoskeleton complex was 
treated four times with 6 M urea in the same buffer. The final 
pellet consisted of cytoskeleton-free plasma membranes. For the 
isolation of lens fiber membranes in calcium-free medium, 50 mM 
Tns-HCI (pH 8.0) or 50 mM Tns-HCI / 5 mM EDTA (pH 8.0) were 
used instead of Тгіз-СаСІ2 buffer throughout the whole procedure. 
Fractions enriched in junction-like structures were isolated in 
the presence of detergent according to the method described by 
Goodenough [4]. Exactly the same procedure was followed for the 
70 
Isolation of these structures in the absence of EDTA. However, in 
the initial wash buffer 5 mM EDTA was replaced by 1 mM СаСІ2 
and EDTA-free buffer solutions were used during the next steps. 
5.2.2 Analytical and immunological methods 
Protein determinations and SDS-gel electrophoresis in 10 and 
13% gels were carried out as reported by van Raaij et al. [З]. 
Preparation of an antiserum, which is specific for EEP (anti-EEP 
antiserum) and the immunological detection of EEP on nitrocellu­
lose sheets have been described [5]. 
5 .2.3 Electron microscopy 
Fiber membrane pellets were fixed for 1 h in Karnovsky's 
fixative [6] supplemented with 4% tannic acid. Afterwards, the 
pellets were cut into small pieces and then fixed for an additional 
15-18 h. Following a rinse in 0.1 M cacodylate buffer (pH 7.2) 
overnight, the specimens were postfixed for 2 h in 2% osmium 
tetroxide in veronal-acetate buffer (pH 7.2), rinsed and stained for 
1 h with 1% uranyl acetate prepared in the latter buffer. These 
specimens were then dehydrated through a series of graded ethanol 
and embedded in Epon. 
5.3 RESULTS 
During the preparation of calf lens fiber membranes, no EEP 
is lost if calcium ions are present throughout the whole isolation 
procedure. This appears from Fig. 1 which shows the SDS-gel 
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pattern of the urea-soluble calcium-containing fraction consisting 
of cytoskeleton components and crystallins. EEP appears to be 
absent even in case of overloading the gel. In addition, no radio­
activity can be detected on the corresponding electroblot after 
incubation with anti-EEP antiserum and ^^5l-\abeUed protein A 
(not shown). 
cp USF EEP 
Fig. 1. SDS-gel electrophoresis (13% gel, 0.75 mm) of different 
amounts of the urea-soluble calcium-containing cytoskeleton 
fraction (USE; 250 μg, 500 /ug, 50 ^g, 25 μg, 18 /ig and 9 ¿ug total 
protein, respectively). The amount of EEP in the EEP lane is 10 μg. 
Calibration proteins (cp, from bottom to top): lysozyme (14.3 kDa), 
trypsin inhibitor (21 kDa, upper band of doublet), chymotrypsinogen 
A (25.7 kDa), ovalbumin (43 kDa), catalase (58 kDa), serum albumin 
(68 kDa) and Phosphorylase A (92.5 kDa). 
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If calf lens fiber membranes are isolated in calcium-free 
medium, the amount of EEP in the membranes strongly decreases 
(Figs. 2 a and b, lanes 3 and 4). This process of EEP extraction 
already starts during the initial buffer washings of the membranes 
(Figs. 2 a and b, lane 3). The addition of a chelator (EDTA) to the 
calcium-free wash fluids (urea-free and urea-containing) finally 
causes the complete removal of EEP from the membranes (Figs. 2 a 
and b, lane 6). The faint protein band at the site of EEP in the SDS-
gel pattern of these EEP-free membranes has no immunological 
relationship with EEP. 
The use of excess EDTA in the buffer solutions also greatly 
affects the protein composition of membrane fractions enriched in 
junction-like structures. However, the morphological appearance of 
these fractions and those obtained in the absence of EDTA is quite 
similar as shown in Fig. 3. This figure represents cross sections of 
membrane pellets of the 30-41% sucrose layers prepared in the two 
different buffer systems. Both preparations contain many straight 
and undulating penta-layer and other multi-layer structures of 
various lengths. These structures are also present in the 0-30% 
sucrose layers from both protocols (not shown). Some amorphous 
and granular material (large arrows) as well as triple-layer mem-
branes (arrowheads) are visible. 
In Fig. 4a the SDS-polyacrylamide gel electrophoresis 
patterns of the 0-30% and 30-41% sucrose layers, obtained in the 
absence and presence of EDTA, are compared. If EDTA is used 
throughout the whole isolation procedure the fiber membranes show 
a major polypeptide at 25.5 kDa, flanked by a number of minor 
polypeptides with higher and lower molecular weights (lanes 6 and 
7). 
Detergent-resistant membrane structures isolated in calcium-
rich EDTA-free buffer solutions contain EEP as a second main 
protein component (Fig. 4a, lanes 4 and 5). In addition, four poly-
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peptides with molecular weights between 14000 and 17000 form 
part of the protein composition of the 30-41% sucrose layer. 
Possibly they are specific protein components of junction-like 
structures. In view of its molecular weight and binding via calcium, 
one of these bands may represent calmodulin (16.5 kDa). With 
exception of the intensity of these four polypeptide bands the 
protein pattern of the 30-41% layer is identical to that of the 
corresponding 0-30% sucrose layer (Fig. 4, lane 4) and that of urea-
treated lens fiber membranes (Fig. 4, lane 3) prepared in the 
absence of chelator and detergent [3]. An intense 17.5 kDa protein 
band is present in all of the membrane preparations shown in Fig. 
4a. 
Fig. 2. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of buffer-
washed calf lens fiber membranes (odd-numbered lanes) and urea-
treated membranes (even-numbered lanes) isolated in Tris-CaCl2 
(lanes 1 and 2), in Tris (lanes 3 and 4), and Tris-EDTA buffer (lanes 
5 and 6). Lanes 1-6 all contain 30 μg protein. Lane 7 contains 3 μg 
calf lens fiber EEP. (b) Autoradiograph of corresponding electro-
blot, after incubation with anti-EEP and ^Sj.ig^gijg^ p
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75 
Following water extraction, treatment with EDTA of the 0-
30% layer prepared by the EDTA-free procedure predominantly 
extracts EEP (Fig. 5, lane 2). If EDTA is used during the membrane 
preparation no EEP is present in the EDTA extract of the 0-30% 
sucrose layer (Fig. 5, lane 3). 
Further evidence for the total absence of EEP in the 0-30% 
and 30-41% sucrose layers, prepared in EDTA-nch medium, was 
obtained from anti-EEP-treated electroblots of SDS-gels containing 
the same samples as in Fig. 4a. The results are shown in Fig. 4b. No 
radioactivity can be detected in lanes 8 and 9 excluding even the 
presence of traces of EEP. 
These results again indicate that EEP is quantitatively 
removed from the membranes by the action of a chelator during the 
isolation. Furthermore, nor the faint 32 kDa protein band, visible in 
the protein pattern of the EEP-free sucrose layers (Fig. 4a, lanes 6 
and 7), nor the four low molecular weight polypeptides charac-
teristic for the EEP-nch 30-41% layer (Fig. 4a, lane 5) are immuno-
logically related to EEP. 
Fig. 3. Isolated junction-enriched calf lens fiber membrane 
fractions (30-41% sucrose layers) in thin section. The membranes 
are prepared in the absence (a) and presence (b) of EDTA. The 
preparations are enriched in pentalaminar structures (small arrows). 
Some amorphous and granular material (large arrows) as well as unit 
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Fig. 5. SDS-gel electrophoresis (10% gel, 0.75 mm) of (1) urea-
treated lens membranes (as in Fig. 4); (2) and (3) EDTA extracts of 
the membrane preparations shown in Fig. 4a, lanes 4 and 6, res­
pectively; (4) calf lens fiber EEP; (5) calibration proteins as in Fig. 
1 (lysozyme and trypsin inhibitor at the front). 
Fig. 4. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of (1) cali­
bration proteins (as in Fig. I); (2) total calf lens crystallins; (3) 
urea-treated lens membranes prepared according to van Raaij et al. 
[3 ] ; (4) and (5) 0-30% and 30-41% sucrose layer, respectively, 
obtained in the absence of EDTA; (6) and (7) 0-30% and 30-41% 
sucrose layer, respectively, obtained in the presence of EDTA; (8) 
calf lens fiber EEP. (b) Autoradiograph of an anti-EEP-treated 
electroblot of a SDS-gel, loaded with the same samples as in (a). (1) 
Calibration proteins (as in Fig. 1); (2) lens crystallins; (3) and (4) 
calf lens fiber EEP (8 μ£ and 12 ^g, respectively). Lanes 5-9 con­
tain the same samples in the same order as shown in (a), lanes 3-7. 
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5.4 DISCUSSION 
This study shows the effect of the presence or absence of 
EDTA during the preparation of calf lens fiber membrane struc-
tures on their protein composition. 
EEP is one of the principal protein components of calf lens 
fiber membranes and very likely also of junction-like structures. 
Our SDS-gel protein patterns and immunoblotting experiments 
provide clear evidence that EEP is absent in the urea-soluble 
calcium-containing cytoskeleton fraction. The use of calcium-free 
buffer solutions throughout the whole membrane isolation causes 
dissociation of EEP from the membranes. Furthermore, the 
presence of excess chelator (5 mM EDTA) during the isolation of 
urea-treated membranes or fractions, detergent-enriched in 
junction-like structures, results in the total removal of EEP. This 
extraction is already almost complete after buffer-treatment of the 
lens fiber cells. 
From these results we conclude that EEP nor interacts with 
the cytoskeleton nor is one of its protein components, but 
exclusively consists of a distinct group of extrinsic proteins which 
is bound to the membrane via calcium ions. The latter statement is 
confirmed by the possibility to remove EEP from the membrane by 
means of EGTA, which has a very high affinity especially for 
calcium [3] . A similar calcium-dependent membrane binding has 
been described for delta-crystallin of chick lens [7] . The binding of 
EEP to the membranes is not sensitive to urea, but is effectively 
disrupted if calcium is removed. The incomplete extraction of EEP 
from urea-treated membrane preparations leaving a considerable 
fraction in the membrane [3] probably is the effect of insufficient 
removal of calcium ions rather than due to a second type of 
interaction of EEP with the membranes. 
EEP is missing in SDS-gel patterns of membrane preparations 
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in many studies as a consequence of the addition of EDTA to the 
homogemzation buffers in order to avoid proteolytic degradation 
[4,8,9]. Comparison of the SDS-gel patterns of membranes obtained 
in the presence of EDTA (Fig. 2a, lane 6; Fig. 4a, lanes 6 and 7) 
with those prepared in EDTA-free medium (Fig. 2a, lane 2; Fig. 4a, 
lanes 4 and 5) does not reveal a detectable increase in the amount 
of the degradation products of the 25.5 kDa protein band. This 
indicates that no significant proteolytic degradation occurs, even if 
EDTA is not present. 
Duma et al. [IO] sometimes observed a 34 kDa polypeptide as 
the only major protein component of their junction preparations 
isolated in EDTA-free buffer solutions. The absence of a 26 kDa 
polypeptide in these preparations probably is due to the addition of 
several enzymes during the membrane isolation rather than to 
activation of a Mg2+-dependent protease associated with lens 
tissue [4] . 
The use of detergents in both isolation procedures results in 
an enrichment of the membrane preparations in penta-layer and 
other multi-layer structures (Fig. 3). If isolated in chelator-free, 
calcium-rich medium these membrane fractions contain EEP as 
one of the main protein components indicating that EEP might be 
bound to junction-like structures. 
About the methods for preparing junction-like structures and 
about their architectural aspects no unanimity exists. Immunocyto-
chemical experiments have shown a general distribution of the 26 
kDa protein (MIP 26) in both unit and pentalaminar calf lens fiber 
membranes [11,12]. These findings, however, contrast with those 
recently published by Paul and Goodenough [13] who localized MIP 
26 only on the cytoplasmic surface of trilaminar, and not on 
pentalaminar (junctional) membranes. Because of these confusing 
results and in view of the contamination of our junction-like 
membranes with trilaminar structures, further studies are needed to 
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investigate whether unit plasma membranes and junctional struc-
tures exhibit a similar protein composition, as previously has been 
suggested [14]. 
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IN VITRO REASSOCIATION OF EDTA-EXTRACTABLE 
PROTEINS WITH CALF LENS FIBER MEMBRANES 
Summary 
Nature and site of membrane binding of the EDTA-extract-
able proteins (EEP) from calf lens fiber membranes have been 
studied. Reassociation of EEP to EEP-free lens fiber membranes 
only occurs by means of calcium, not by magnesium ions. This EEP-
membrane binding is not hindered by the cytoskeleton. The pro-
portional distribution of the EEP protein components is not altered 
by reattachment of EEP to the membrane. 
Calcium appears to be a limiting factor in the reassociation of 
EEP with the membrane. The total amount of reassociated EEP 
increases with increasing calcium concentration and may largely 
exceed the quantity of naturally occurring EEP in lens fiber 
membranes. In addition, the latter EEP-contaimng membranes are 
able to bind an additional amount of EEP in the presence of 
calcium. These results indicate that most of the EEP-binding sites 
in lens fiber membranes are not occupied by EEP. 
Trypsin- or Staphylococcus aureus V8 protease-treated fiber 
membranes retain the capacity to bind EEP in the presence of 
calcium. This result indicates that the small polypeptide fragment 
of the main intrinsic protein (M1P), which is accessible to 
proteolytic attack, very likely is not the membrane attachment 
point for EEP. It is suggested that phospholipids rather than 
membrane proteins are involved in the calcium-dependent binding 
of EEP to calf lens fiber membranes. 
87 
6.1 INTRODUCTION 
Lens fiber cells are mainly composed of water and protein. 
Calf lens proteins (30-40% of the lens wet weight) have been sub-
divided into water-soluble crystalline and a water-insoluble frac-
tion (cytoskeletal and membrane proteins). Earlier investigations 
have shown that subsequent extraction of calf lenses with buffer 
and concentrated urea in the presence of calcium results in cyto-
skeleton-free membranes (Broekhuyse and Kuhlmann, 1978). 
Treatment of the latter membranes with EDTA or EGTA partially 
releases one of the main membrane protein components, called EEP 
(EDTA-extractable proteins; Broekhuyse and Kuhlmann, 1978; 
Bouman, de Leeuw, Tolhuizen and Broekhuyse, 1979; van Raaij, de 
Leeuw and Broekhuyse, 1983a). EEP represents a discrete group of 
different monomeric proteins with molecular weights of 30-38 
Kdalton (van Raaij et al., 1983a). 
Recent investigations have shown that the presence of a 
chelator during the whole membrane preparation procedure results 
in the complete removal of EEP from the membrane (van Raaij, de 
Leeuw and Broekhuyse, 1983b). For this reason EEP was supposed 
to consist exclusively of extrinsic membrane proteins, which are 
bound to lens fiber membrane structures via divalent cations. The 
present paper demonstrates that calcium (and not magnesium) is the 
specific cation required for reassociation of isolated EEP with 
EEP-free lens fiber membranes. The possible site of binding has 
been investigated. 
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6.2 MATERIALS AND METHODS 
6.2.1 Isolation of lens membranes 
Fiber membranes were prepared from whole decapsulated 4-
month-old calf lenses in the presence of 1 mM СаСІ2 or in 50 mM 
Tris - 5 mM EGTA (pH 8.0) as described by van Raaij et al. (1983b). 
For the isolation of lens fiber membranes in the presence of 
magnesium, 50 mM Tris-HCl - 1 mM MgCl2 (pH 8.0) was used as 
buffer system throughout the whole procedure. 
For proteolytic digestion of urea-treated membranes, 
prepared in the absence of calcium, trypsin (Millipore Corporation) 
and Staphylococcus aureus V8 protease (Sap; Miles & Co) each were 
dissolved in 50 mM Tris-HCl (pH 8.0) to a final concentration of 5 
mg/ml. Membrane protein (1.5 mg) was incubated with 30 μζ trypsin 
(15 min, 37 0C) or Staphylococcus aureus V8 protease (4 hr, 370C) in 
50 mM Tris-HCl (pH 8.0). After the incubation the suspension was 
centrifuged at 4x10^ g.min at 50C. The membranes were washed 
thrice with Tris-HCl buffer and used for reassociation experiments 
with EEP. 
6.2.2 Incubation of lens fiber membranes with EEP 
Lens fiber EEP was isolated and purified according to the 
method of van Raaij et al. (1983a). The EEP solution was dialysed 
against 1 mM Tris-HCl (pH 8.0) overnight at 4 0 C to remove EDTA, 
lyophilized and dissolved in water to a final concentration of 10 
mg/ml. For the association experiments with EEP, EEP-free urea-
treated membranes, prepared in the presence of EGTA, were 
washed twice with 50 mM Tris-HCl (pH 8.0). Also trypsin- or Sap-
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treated membranes as well as EEP-free buffer-washed membranes 
were used. The washed membranes (750 μg membrane protein) were 
suspended in Tris-HCl buffer. EEP (100 μg) and СаСІ2 were added 
and the mixture was incubated with occasional stirring for 1 hr at 
room temperature. Afterwards the suspension was centrifuged at 
4x105 g.min. The membranes were washed five times with Tris-
СаСІ2 buffer and then dissolved in SDS sample buffer for electro-
phoretic analysis and blotting experiments. 
For non-digested membranes the incubation with EEP was also 
performed in 50 mM Tris-HCl buffer (pH 8.0) containing 1 mM 
MgCl2 instead of СаСІ2. 
In the control experiments accompanying the incubations 
described above, 50 mM Tris-HCl - 1 mM EGTA (pH 8.0) was used 
during incubation and wash steps. 
6.2.3 Analytical and immunological methods 
Protein determinations and sodium dodecyl sulfate Polyacryl­
amide gel electrophoresis (SDS-PAGE) in 13% gels were carried out 
as reported by van Raaij et al. (1983a). The amount of EEP in 
membrane preparations was determined spectrophotometrically 
after separation of the membrane proteins by SDS-PAGE and 
protein elution from gel slices containing EEP. 
Preparation of an antiserum which is specific for EEP (anti-
EEP antiserum) and the immunological detection of EEP on nitro­
cellulose sheets have been described (van Raaij, de Leeuw, Janssen 
and Broekhuyse, 1983c). 
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6.3 RESULTS AND DISCUSSION 
Calcium and magnesium are the most prominent divalent 
cations in lens fiber cells. In rat lens over 90% of the calcium is 
bound or complexed (Duncan and Jacob, 1984). The total concen­
tration of calcium in bovine lens amounts to 6.0 mg/100 g wet 
weight and the magnesium concentration is 8.0 mg/100 g (Kuck, 
1975). EGTA chelates calcium more strongly than magnesium (logK 
= 10.9 and 5.2, resp.; Sillen and Martell, 1964). The complete 
removal of EEP from calf lens fiber membranes during their 
isolation in the presence of EGTA therefore suggests the 
involvement of calcium rather than magnesium in the EEP-
membrane interaction. This is supported by the results of our 
reassociation experiments described in this paper. 
Purified EEP reassociates in vitro with EEP-free urea-treated 
lens fiber membranes if calcium is present during the incubation 
[Figs 1(a) and (b), lane 2] . Reassociation of EEP also occurs with 
buffer-washed EEP-free membranes in calcium-rich medium [Fig. 
1(c), lane 3 ] . The latter result indicates that the cytoskeleton does 
not hinder EEP-membrane binding. Visual inspection of the electro-
phoretical protein pattern reveals that all of the EEP components 
are bound, while the proportional distribution of the protein 
components of EEP is not altered (see Fig. 1, lanes 4 and 5 in van 
Raaij et al., 1983a). 
The total amount of EEP present in urea-treated membranes 
after reassociation depends on the molar calcium/EEP ratio in the 
incubation mixture. After incubation of EEP-free urea-treated 
membranes (750 μξ) with EEP (100 μg) in the presence of 2 mM 
СаСІ2 (molar Ca/EEP ratio is 70) about 75% of the EEP is found in 
the resulting membranes [Figs 1(a) and (b), lane 2]. This is 150% 
more EEP than in urea-treated fiber membranes prepared without 
EEP loss in the presence of calcium [30 μg EEP/750 μg membrane 
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protein; Figs 1(a) and (b), lane l ] . Doubling the EEP quantity from 
100 to 200 μg does not significantly change the absolute amount of 
reassociated EEP. However, lowering the Ca/EEP ratio by a two­
fold reduction of the calcium concentration to 1 mM causes a 
decrease of the amount of reattached EEP by the same factor. 
These results indicate that calcium is the limiting factor in the 
reassociation of EEP with the membrane. 
In the presence of EGTA no EEP becomes associated with the 
membranes [Figs 1(a) and (b), lane 4] . In addition, EEP-free mem­
branes do not bind a significant amount of EEP if magnesium 
instead of calcium is used during incubation and wash steps [Figs 
1(a) and (b), lane 3] . The latter result indicates that magnesium is 
not involved in EEP-membrane binding. This is also apparent from 
the absence of EEP in buffer-washed and urea-treated membranes, 
Fig. 1. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of EEP-free 
urea-treated lens fiber membranes (750 u^g) incubated with purified 
EEP (100 ¿ig) in the presence of 2 mM СаСІ2 (lane 2), 1 mM MgCl2 
(lane 3) or 1 mM EGTA (lane 4). Lane 1 contains urea-treated lens 
fiber membranes prepared in the presence of calcium (van Raaij et 
al., 1983a). (b) Autoradiograph of the corresponding electroblot 
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SDS-gel electrophoresis (13% gel, 0.75 mm) of EEP-free buffer-
washed lens fiber membranes (750 μg) before and after incubation 
with 100 μg EEP in the presence of 1 mM СаСІ2 (lanes 2 and 3, 
resp.). Lane 4 contains 10 /ug calf lens fiber EEP. Calibration 
proteins (lane 1; from bottom to top): lysozyme (14.3 Kdalton), 
trypsin inhibitor (21 Kdalton), chymotrypsinogen A (25.7 Kdalton), 
ovalbumin (43 Kdalton), catalase (58 Kdalton), serum albumin (68 
Kdalton) and Phosphorylase A (92.5 Kdalton). 
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isolated in the presence of magnesium throughout the whole mem­
brane preparation [Figs 2(a) and (b), lanes 6 and 7, resp.]. The 
protein bands in the EEP region of the SDS gel protein pattern of 
EEP-free membranes have no immunological relationship with EEP 
(van Raaij et al., 1983b). 
Because M1P (mam intrinsic protein) very likely represents a 
major part of the protein molecules which are exposed at the cyto­
plasmic side of the lens fiber membrane (Broekhuyse and Kuhlmann, 
1978) we investigated this protein for possible EEP binding. 
Incubation of EEP with trypsin- or Staphylococcus protease-treated 
membranes in the presence of calcium again results in the 
association of this group of proteins with the membrane [Figs 3(a) 
and (b), lanes 2 and 4 ] . Reassociation of EEP with the enzyme-
treated membranes does not occur in the presence of EDTA or 
EGTA [Figs 3(a) and (b), lanes 3 and 5] indicating that also in this 
case calcium is a specific factor for EEP-binding. Tryptic digestion 
of lens fiber membranes results in the conversion of MIP to two 
polypeptides of about 21 Kdalton [Fig. 3(a), lanes 2 and 3, arrows]. 
Treatment with Staphylococcus protease alters MIP into a 23 
Kdalton polypeptide which is further degraded to a 22 Kdalton 
product by prolonged incubation [Fig. 3(a), lanes 4 and 5]. From 
our reassociation experiments it appears that the enzyme-treated 
membranes still are able to bind EEP. Thus the 4 or 5 Kdalton 
polypeptide fragment of MIP, which is accessible to proteolytic 
Fig. 2. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of buffer-
washed calf lens fiber membranes (even-numbered lanes) and urea-
treated membranes (odd-numbered lanes) isolated in Tris-CaCl2 
(lanes 2 and 3), in Tns-EGTA (lanes 4 and 5), and Tris-MgCl2 buffer 
(lanes 6 and 7). Lanes 2-7 all contain 30 μζ protein. Lane 1 
contains 3 μg calf lens fiber EEP. (b) Autoradiograph of the 
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attack and probably located outside the membrane, apparently is 
not the membrane anchoring site for EEP. 
Recently Bloemendal, Hermsen, Dunia and Benedetti (1982) 
have shown that newly synthesized MP34 (i.e. 34 Kdalton protein 
band on SDS-gel electrophoresis pattern of lens fiber membranes) 
associates in vitro with calf lens fiber membranes. They also found 
that the MP34-binding capacity is lost in protease-treated mem­
branes. Some proteolytic activity was supposed to be retained in 
these membranes in spite of extensive washing after the enzyme 
treatment. This is also apparent from the partial digestion of 
reassociated EEP (30-38 Kdalton proteins) in our membrane 
preparations [Figs 3(a) and (b), lanes 2 and 4 ] . Considering the 
latter result we suggest that the absence of the MP34 band in the 
preparations of Bloemendal et al. (1982) possibly is the result of 
complete degradation of MP34 rather than proteolytic removal of 
the MP34-binding site from the membrane, preventing association 
of MP34. 
Fig. 3. (a) SDS-gel electrophoresis (13% gel, 0,75 mm) of EEP-free 
lens fiber membranes after treatment with trypsin or Staphylo­
coccus aureus V8 protease and incubation with purified EEP. (1) 
urea-treated lens fiber membranes as in Fig. 1, lane 1; (2) 
membranes (750 μg) as in Fig. 2(a), lane 5, digested with trypsin 
and afterwards incubated with 100 μg EEP in the presence of 2 mM 
СаСІ2; (3) same as (2), but membranes incubated with EEP in the 
presence of 1 mM EGTA; (4) membranes (750 /ug) as in Fig. 2(a), 
lane 5, digested with Staphylococcus aureus V8 protease and 
afterwards incubated with 100 μξ EEP in the presence of 2 mM 
СаСІ2; (5) same as (4), but membranes incubated with EEP in the 
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It was reported earlier that EEP does not interact with the 
cytoskeleton, but is exclusively bound to plasma membrane com-
ponents ( van Raaij et al., 1983b). The present observation that in 
the presence of sufficient calcium the amount of reassociated EEP 
exceeds the quantity of naturally occurring membrane-bound EEP 
points to the existence of a large number of EEP-binding sites in 
lens membranes. This is also apparent from the fact that in spite of 
the presence of EEP in urea-treated membranes prepared in 
calcium-rich medium, extra association of EEP via calcium with the 
membranes is possible. Considering lipid phosphate groups as a 
major group of calcium binding sites, it is speculated that phospho-
lipids are involved in EEP-membrane interaction. This is further 
discussed in a forthcoming paper (van den Eijnden-van Raaij, de 
Leeuw and Broekhuyse, 1985). 
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COMPLEX FORMATION OF EDTA-EXTRACTABLE 
PROTEINS FROM CALF LENS FIBER MEMBRANES 
WITH CALCIUM AND ACIDIC PHOSPHOLIPIDS 
Summary 
The nature of the membrane components, which are involved 
in the calcium-dependent binding of EDTA-extractable proteins 
(EEP) to calf lens fiber membranes, has been investigated. 
Association experiments of radioiodinated EEP with several 
lens membrane preparations by means of the gel overlay technique 
have shown that only phospholipids have the ability to bind EEP in 
the presence of calcium. The water-soluble crystallins, cytoskeletal 
proteins and membrane proteins of lens cells lack EEP-binding 
properties in this technique. 
Binding studies of EEP with sonicated vesicles of separate 
phospholipids revealed that acidic calcium-binding phospholipids, 
i.e. phosphatidylserine (PS), phosphatidylethanolamine (PE) and 
phosphatidylinositol (PI) are effective in binding provided that 
calcium is present. Phosphatidylcholine (PC) and sphingomyelin 
(SM) do not bind EEP in the presence of calcium. The results of 
association and binding studies indicate that the EEP-lipid binding 
is purely electrostatic and is accomplished very likely by coupling 
of the anionic groups of EEP and phospholipids via calcium ions. 
The interaction of EEP with (isolated) lens fiber membranes is 
resistant to the nonionic detergent Triton X-100 in the presence of 
calcium. This result confirms the earlier idea that the EEP-
membrane binding is predominantly or even exclusively electro-
static. It is suggested that calcium-binding phospholipids rather 
than proteins function as binding sites for EEP in this hydrophilic 
calcium-dependent binding of EEP to lens fiber membranes. 
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7.1 INTRODUCTION 
Crystallins, cytoskeletal and membrane proteins are the major 
protein constituents of the vertebrate eye lens. Because of their 
differential solubilization properties these groups of proteins can 
be isolated separately. Frequent treatment of the lens with buffer 
quantitatively releases the water-soluble crystallins. Extraction of 
the remaining water-insoluble fraction ('albuminoid') with 8 M urea 
selectively removes the cytoskeletal matrix. The residual urea-
insoluble fraction contains plasma membranes, which are mainly 
composed of lipids, integral and peripheral proteins (Broekhuyse, 
1981; review). 
A distinct group of membrane proteins is partially eluted from 
calf lens fiber membranes by means of EDTA or EGTA (Broekhuyse 
and Kuhlmann, 1978; Bouman, de Leeuw, Tolhuizen and Broekhuyse, 
1979; van Raaij, de Leeuw and Broekhuyse, 1983a). These EDTA-
extractable proteins (EEP) represent a collection of different 
monomenc proteins (MW 30-38 Kdalton), that show considerable 
charge heterogeneity and are immunologically related (van Raaij et 
al., 1983a; van Raaij, de Leeuw, Janssen and Broekhuyse, 1983b). 
Their function, however, is still unknown. 
Previous studies have shown that EEP is completely removed 
from the membrane if a chelator is present during the whole 
membrane preparation procedure (van Raaij, de Leeuw and 
Broekhuyse, 1983c). The resulting EEP-free lens fiber membranes 
are able to reassociate with isolated EEP. For this in vitro 
reassociation calcium appears to be a prerequisite (van den 
Eijnden-van Raaij, de Leeuw and Broekhuyse, 1984). These results 
indicate that EEP exclusively consists of extrinsic membrane 
proteins, whose binding to lens membrane structures is mediated by 
calcium ions. 
In the calcium-dependent binding of EEP to the membrane, 
104 
the hydrophilic part of MIP (main intrinsic protein), which is 
exposed at the cytoplasmic side of the membrane, probably is not 
the membrane attachment point for EEP (van den Eijnden- van 
Raaij et al., 1984). The present paper shows which of the lens 
membrane components have the capacity to associate in vitro with 
EEP in the presence of calcium. The EEP-membrane interaction in 
isolated lens fiber membranes is discussed. 
7.2 MATERIALS AND METHODS 
7.2.2 Isolation of lens membranes 
For the isolation of fiber membranes from whole decapsulated 
4-month-old calf lenses the method described by van Raaij et al. 
(1983a) was used. 
Triton X-100 extraction was carried out on urea-treated 
membranes, prepared in the presence of calcium. Membrane pellets 
(25 mg membrane protein) were suspended in 10 ml 0.5% Triton Χ­
Ι 00 in 50 mM Tris-HCl - 1 mM СаСІ2 (or 1 mM EGTA; pH 8.0) and 
stirred for 1 hr at room temperature. The suspension was centri-
fuged at 9x10" g.min. The Triton X-100 extraction was repeated 
once. For Triton X-100 extraction of EGTA-extracted membranes 
(van Raaij et al., 1983a) a 0.5% Triton X-100 solution in 50 mM 
Tris-HCl (pH 8.0) was used. The supernatants and remaining pellets 
were tested for composition of proteins and lipids. 
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7.2.2 Preparation of phospholipid vesicles 
Egg phosphatidylcholine (PC) and ox brain sphingomyelin (SM) 
were obtained from BDH, bovine brain phosphatidylserme (PS) and 
phosphatidylinositol (PI; ex yeast) from Koch Light. Phosphatidyl-
ethanolamine was obtained from Nutritional Biochemicals Corpora­
tion. 
Phospholipid solutions in chloroform/methanol (2:1) were 
evaporated by a stream of nitrogen. The residue was suspended by 
vortex mixing in 25 mM Tris-HCl - 0.1 M NaCl buffer (pH 8.5) to a 
final lipid concentration of 6 mg/ml. The suspension was then 
sonicated under a nitrogen atmosphere with a Branson Som fier 
(model L) at power setting 3 at 0 o C. Total sonication time for 
obtaining transparent samples varied from 6 mm to 45 min. PC 
vesicles were further purified to homogeneity by gel filtration 
according to Huang (1969). All other phospholipid dispersions were 
used without further purification for the association experiments 
with EEP. 
7.2.3 Incubation of phospholipid vesicles with EEP 
Lens fiber EEP was isolated and purified according to van 
Raaij et al. (1983a). The EEP solution was dialysed against 1 mM 
Tris-HCl (pH 8.0) overnight at 4 0 C, lyophilized and dissolved in 
water to a final concentration of 10 mg/ml. 
Samples of 600 μg phospholipid vesicles (100 μΐ) and 1 mg 
EEP (100 μί) were mixed, and СаСІ2 or EGTA was added to a final 
concentration of 1 mM. AU incubation mixtures were filled up to 
the same volume (500 μ\) with incubation buffer [25 mM Tris-HCl -
0.1 M NaCl - 1 mM СаСІ2 (or EGTA), pH 8.5] and allowed to stand 
for 16 hr at room temperature. 
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Incubated PC/EEP and SM/EEP solutions were subjected to 
chromatography on a Sepharose 4B column (25x1.5 cm) at 40C, 
which was equilibrated and eluted with incubation buffer. For 
mixtures of EEP and charged phospholipids (PS, PE, PI) a Sephadex 
G200 column (20x1.5 cm) was used (Bull, Jevons and Barton, 1972). 
The protein content and composition of the column fractions were 
determined. Cochromatography of protein and phospholipid formed 
the criterion for the presence of protein-lipid complexes. 
7.2.4 Radioiodination of EEP 
EEP was radioiodinated using l,3,4,6-tetra-chloro-3a, 6a- di-
phenylglycouril (IODO-GEN) obtained from Pierce. 
A solution of 15 /itg IODO-GEN in chloroform was pipetted 
into a glass reaction vessel and dried under a stream of nitrogen in 
order to obtain a reactive film. 20 μί EEP (150 ¿ug), 80 μί 0.2 M 
phosphate buffer (pH 7.4) and 50 μί Na'25[ (650 μΟ) were added. 
The reaction was allowed to proceed for 30 min at room 
temperature. The iodination reaction was terminated by removing 
the sample from the reaction vessel (Markwell and Fox, 1978). 
To separate the labeled EEP from unreacted N a ^ S ^
 t^e 
solution was chromatographed on a Sephadex G25 column (23x0.7 
cm) equilibrated in 20 mM Tris-HCI - 0.1 M NaCl - BSA (10 mg/ml), 
pH 7.0. In the elution buffer the BSA concentration was lowered to 
1 mg/ml. Fractions containing ^5l-EEP were collected and the 
percentage of incorporated label was determined to be 65%. The 
final specific activity of EEP used in the overlay experiments was 
about 3 цСі/μξ of protein. 
107 
7.2.5 Gel overlay technique using radioiodmated EEP 
To identify EEP-bindmg components we used the gel overlay 
method of Glenney and Weber (1980) with slight modification. SDS-
polyacrylamide slab gels (0.75 mm) were fixed in 40% methanol, 
10% acetic acid, rinsed in distilled water for 10 mm and washed 
overnight in 10% ethanol. The gels were then incubated in 0.1 M 
imidazole buffer (pH 7.0) for 10 mm and then for 60 min in 
incubation buffer (20 mM imidazole, 0.2 M KCl, 0.5% gelatin, 
0.02% № N 3 , pH 7.0) containing 1 mM СаСІг or 1 mM EGTA. 
Afterwards 10 μCι of ^^\-\аЪе\еа EEP/ml buffer was added. After 
24 hr incubation at room temperature the unbound EEP was 
removed by washing the gels for several days with at least five 
changes of incubation buffer. The gels were subjected to autoradio­
graphy. 
7.2.6 Analytical and immunological methods 
Protein determinations m the presence of SDS were carried 
out according to Lees and Paxman (1972) using bovine serum 
albumin as a standard. The Bio-Rad protein microassay (Bradford, 
1976) was used for monitoring column effluents containing no 
phospholipid. If both protein and lipid were present a known volume 
of the column fractions was spotted in small portions onto Whatman 
3MM paper. After drying and staining with Coomassie blue the 
colour intensity of the spots was visually compared with those of a 
standard row of BSA, spotted on the same paper, and the protein 
concentration in each fraction was estimated. 
SDS-gel electrophoresis was performed in 13% gels as 
reported by van Raaij et al. (1983a). 
Lipid extractions from membrane suspensions were prepared 
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as described by Broekhuyse (1969). The combined extracts were 
mixed with chloroform to a chloroform/methanol ratio of 2:1 (v/v) 
and purified according to Folch, Lees and Sloan-Stanley (1957). 
Lipid phosphorus was determined after destruction of the samples 
with 0.4 ml concentrated H2SO4 - 70% HCIO4 (9:1, v/v) as 
described by Broekhuyse (1968). 
Phospholipids were separated by means of quantitative two-
dimensional thin-layer chromatography using as alkaline adsorbent 
the mixture of Silicagel HR (Merck) and 3% (w/w) alkaline 
magnesium silicate (Woelm) (Broekhuyse, 1968). The chromatograms 
were developed in the first direction with chloroform - methanol -
7 M ammonia (75:54:11, v/v) and in the second direction with 
chloroform - methanol - acetic acid - water (90:40:12:2, v/v). The 
lipid spots were scraped off for lipid-phosphorus determination. 
Preparation of an antiserum, which is specific for EEP (anti-
EEP antiserum) and the immunological detection of EEP on nitro-
cellulose sheets have been described (van Raaij et al., 1983b). 
7.3 RESULTS 
7.3.1 Binding of l^-'I-labeled EEP to lens fiber components 
In order to examine the nature of the lens fiber components 
involved in the interaction of EEP with the membrane, isolated EEP 
was labeled with N a ' " !
 a n d used for association experiments via 
the gel overlay technique. 
Fig. 1(a) shows the stained patterns of water-soluble 
crystallins, urea-treated membranes and cytoskeleton fraction of 
lens fiber cells. Lane 5 contains total lens fiber phospholipids, only 
visible as an opalescent spot at the bottom of the gel directly after 
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electrophoresis. The autoradiograph from a gel, run in parallel and 






і ggp ¡n ^ e presence of СаСІ2 is shown 
in Fig. 1(b). No radioactivity can be detected at the position of the 
protein bands in the different samples. ^5¡_[jjnc]jng activity 
appears to be present exclusively in the membrane lipid area (lanes 
3 and 5). ^Si.EEp.phQgp^QJjpjd complexes are not formed in 
EGTA-rich medium. On SDS-gels containing separate phospholipids, 
no interaction of PC or SM with EEP occurs in spite of the 
presence of calcium, whereas a ^^l-EEP-Upid spot can be detected 
for PS, PE and PI (not shown). 
7 .3 .2 Binding of EEP to sonicated phospholipid vesicles 
Sonicated vesicles of a number of phospholipids were prepared 
and incubated with isolated EEP to further investigate the 
differences in their EEP-binding activities. 
In Fig. 2(A) the elution profile of PS vesicles and in Fig. 2(B) 
of isolated fiber EEP, both subjected to Sephadex G200 gel 
filtration in the presence of calcium, is shown. Phospholipid is 
recovered predominantly in the void volume. 
Fig. 1. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of (1) cali-
bration proteins, (2) lens crystallins, (3) urea-treated lens fiber 
membranes, (4) urea-soluble cytoskeleton fraction and (5) lens fiber 
total phospholipids. Calibration proteins (from bottom to top): 
lysozyme (14.3 Kdalton), trypsin inhibitor (21 Kdalton), chymotryp-
sinogen A (25.7 Kdalton), ovalbumin (43 Kdalton), catalase (58 
Kdalton), serum albumin (68 Kdalton) and Phosphorylase A (92.5 
Kdalton). (b) Autoradiograph from a gel, run in parallel, and 
overlaid with ^Sj . ia^gigj ggp j n t^e presence of 1 mM СаСІ2. 
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Incubation of PS vesicles with EEP in the presence of calcium 
results in cochromatography of protein and phospholipid as shown in 
Fig. 2(C). Addition of EGTA to the incubation mixture, prior to 
Sephadex G200 gel filtration, results in resolution of the protein-
lipid complex into separate components. EEP is found then 
exclusively in the second peak as unbound EEP [Fig. 2(D)]. If the 
incubation of EEP with PS vesicles is carried out in the absence of 
calcium the Sephadex G200 elution pattern of the incubation 
mixture [as in Fig. 2(D)] reveals that no PS-EEP complex is 
formed. Similar results are obtained if PI and PE are used as 
phospholipids in the binding studies described above (not shown). 
The association experiments of protein with lipid have been 
carried out at pH 8.5. In the presence of calcium, complex for-
mation of EEP with PS is also observed at physiological pH. In both 
cases the proportional distribution of the protein components of 
EEP as revealed by SDS-gel electrophoresis (van Raaij et al., 
1983a) is not altered after binding of EEP to phospholipid (not 
shown). 
Fig. 2. Sephadex G200 gel filtration of phosphatidylserine (PS) 
vesicles, EEP, and incubated mixtures of EEP and PS vesicles. Ab-
sorbance at 280 nm (curve) and protein content per fraction (block 
diagram). (A) Sonicated phosphatidylserine dispersion (600 ¿ig). (B) 
Isolated EEP (600 jug). (C) Incubation mixture of EEP (1000 ^g) and 
PS vesicles (600 ^g) in 25 mM Tris-HCl - 0.1 M NaCl - 1 mM СаСІ2 
(pH 8.5). (D) Same as С, except that EGTA is added to the 
incubation mixture to a final concentration of 3 mM, prior to gel 
filtration. The column (20x1.5 cm) was equilibrated and eluted with 
25 mM Tris-HCl - 0.1 M NaCl - 1 mM СаСІ2 (pH 8.5; A,B,C) or 25 
mM Tris-HCl - 0.1 M NaCl - 1 mM EGTA (pH 8.5; D). Fractions of 
0.8 ml were collected. 
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In agreement with the results of the EEP-lipid association 
experiments via the gel overlay method, no binding occurs when 
homogeneous PC vesicles [peak 2 of Fig. 3(A)] are incubated with 
EEP in calcium-rich medium. Fig. 3(C) demonstrates that after 
Sepharose 4B gel filtration all protein is found in the second peak 
[see also Fig. 3(B)]. This lack of EEP-binding properties is also 
observed for sphingomyelin (not shown). 
7 .3 .3 Effect of Triton X-100 on EEP-membrane interaction 
in isolated lens fiber membranes 
Urea-treated lens fiber membranes, prepared in the presence 
of calcium, were extracted with 0.5% Triton X-100 in Тгіз-СаСІ2 
buffer (pH 8.0) to test if EEP-membrane binding is resistant to this 
nonionic detergent. Table I shows that about 60% of the membrane 
phospholipid, predominantly the anionic lipids PS, PE and PI, is 
released. Via the immunoblot technique no EEP could be detected 
in the supernatant (not shown). 
A solution of Triton X-100 in Tris buffer containing 1 mM 
EGTA instead of СаСІ2 completely extracts EEP in addition to the 
phospholipids [Figs 4(a) and (b), lane 4] . Minor amounts of or- and ß-
crystallin and a 55 Kdalton polypeptide are also present in the 
Fig. 3. Sepharose 4B gel filtration of phosphatidylcholine (PC) 
vesicles, EEP, and incubated mixtures of EEP and PC vesicles. 
Absorbance at 280 nm (curve) and protein content per fraction 
(block diagram). (A) Sonicated phosphatidylcholine dispersion (600 
jug). (B) Isolated EEP (600 ^g). (C) Incubation mixture of EEP (1000 
(Ug) and homogeneous PC vesicles [peak 2 of Fig. 3(A)] in 25 mM 
Tris-HCl - 0.1 M NaCl - 1 mM СаСІ2 (pH 8.5). The column (25x1.5 
cm) was equilibrated and eluted with 25 mM Tris-HCl - 0.1 M NaCl 
- 1 mM СаСІ2 (pH 8.5). Fractions of 1.3 ml were collected. 
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Table I. Phospholipid composition of urea-treated membranes, 
prepared in calcium-rich medium, before and after ex­
traction with Triton X-100 in the presence of calcium*. 
Component 










































* Data obtained by quantitative two-dimensional thin-layer chro­
matography of the lipid extracts. 
Fig. 4. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of (1) urea-
treated lens fiber membranes, (2) membranes as in (1) extracted 
with 1 mM EGTA, (3) and (4) insoluble fraction and supernatant, 
resp., of membranes as in (1) after extraction with 0.5% Triton Χ­
Ι 00 in 50 mM Tris-HCl - 1 mM EGTA (pH 8.0) (the presence of 
Triton X-100 in the supernatant distorts the protein bands), (5) lens 
crystaiiins. (b) Autoradiograph of the corresponding eiectroblot 
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extract. No significant amount of EEP remains in the residual mem­
branes. This appears from the absence of radioactivity on the anti-
EEP-treated electroblot of an SDS-gel containing these membranes 
[Figs 4(a) and (b), lane З] . The quantitative removal of EEP from 
the membranes is not the effect of EGTA alone, as EEP is still 
present in EGTA-extracted membranes [Figs 4(a) and (b), lane 2]. 
Treatment of the latter membranes with 0.5% Triton X-100 in 50 
mM Tris-HCl (pH 8.0) results in EEP-free membranes [as in Figs 
4(a) and (b), lane 3] . 
7.4 DISCUSSION 
The results of the present study strongly suggest that 
phospholipids rather than proteins are involved in the calcium-
dependent association of EEP with lens fiber membranes. In our 
experiments a calcium concentration of 1 millimolar, corresponding 
to the mean physiological concentration of total calcium in 
mammalian lens (Kuck, 1975), was used. Using the gel overlay 
technique no binding could be demonstrated of EEP with the water-
soluble crystallins, membrane proteins or cytoskeletal proteins of 
calf lens fiber cells. Probably this result is not due to first-step 
denaturation and fixation of proteins in this technique as calcium-
binding properties still may be preserved after subsequent partial 
renaturation of proteins by removal of SDS (Snabes, Boyd and 
Bryan, 1981). Apparently only anionic phospholipids have the ability 
to bind EEP in the presence of calcium. 
Of the phospholipids tested in binding experiments of EEP 
with sonicated vesicles, PS, PI and PE form lipid-EEP complexes in 
calcium-rich medium whereas PC and SM do not associate with 
EEP. EEP-lipid binding does not occur in the presence of EGTA. 
Similar results have been described for the blood-clotting protein 
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prothrombin, which preferentially forms complexes with acidic 
phospholipids (PS and PA) in the presence of calcium (Bull et al., 
1972; Gitel, Owen, Esmon and Jackson, 1973). The difference in 
EEP-bindmg capacity of the two groups of phospholipids reflects 
differences in their affinity for calcium. At pH 8.5 PC and SM are 
in the zwittenonic form enabling internal salt formation. PS, PI and 
PE, however, carry a net negative charge at pH 8.5 accounting for 
the interaction of calcium with their anionic groups (Seimiya and 
Ohki, 1973). 
Analysis ot the EEP-lipid complexes has shown that the 
proportional distribution of the EEP protein components before and 
after binding to phospholipid remains the same. All of the EEP 
proteins have a net negative charge at pH 8.5. For this reason their 
interaction with negatively charged phospholipids probably occurs 
via Ca^ "1" bridge ions. Lowering the pH from 8.5 to 7.3 in the 
binding experiments of EEP with PS vesicles in the presence of 
calcium does not result m a different ratio of the separate EEP 
protein components in the bound state. Lack of EEP-lipid complex 
formation in EGTA-contaming buffer at physiological pH indicates 
that in spite of the net positive charge of some of the EEP proteins 
at this pH, calcium still is a prerequisite for their association with 
phospholipid. 
From the abovementioned data it appears that only polar 
interactions are involved in the calcium-dependent binding of EEP 
to phospholipid. Hydrophobic interactions probably also are absent 
in the binding of EEP to the membrane. This appears from the 
resistance of this binding with respect to Triton X-100 (present 
communication) as well as from the complete removal of EEP from 
lens fiber membranes during their isolation in the presence of a 
chelator (van Raaij et al., 1983c). Partial release of EEP by means 
of EGTA from urea-treated lens membranes prepared in the 
presence of calcium (van Raaij et al., 1983a) therefore is not the 
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result of hydrophobic EEP-mernbrane binding in addition to 
calcium-mediated interaction. Treatment of EGTA-extracted mem­
branes with Triton X-100 removes the residual membrane-bound 
EEP (present communication). The пошопіс detergent probably 
disrupts membrane vesicles, which have been formed during the 
preparation of lens membranes in calcium-containing buffer 
(Broekhuyse, Kuhlmann and Stols, 1976). The final effect is a 
release of EEP, already dissociated from the membranes by EGTA 
within the vesicles. 
Up till now nothing is known about the localization of the 
different phospholipids in lens fiber membranes. Studies of ery­
throcyte membranes have shown that acidic phospholipids like PS 
and PE are present at the cytoplasmic side of the membrane 
(Verkleij et al., 1973). Further investigations concerning phospho­
lipid asymmetry will reveal whether a similar position is occupied 
by these lipids and EEP-Ca-phospholipid complexes, if present, in 
lens fiber cells. 
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CALCIUM-BINDING CHARACTERISTICS OF THE 
EDTA-EXTRACTABLE PROTEINS FROM CALF LENS 
FIBER MEMBRANES 
Summary 
The calcium-binding characteristics of the EDTA-extractable 
proteins (EEP) from calf lens fiber membranes were studied by 
equilibrium dialysis and far-ultraviolet circular dichroism measure­
ments. The EEP proteins appeared to contain binding sites with 
different affinities for calcium. These sites seem to behave as 
positively cooperating Ca^+ binding sites with a total capacity of 
25 mol Ca^ + per mol EEP. The mean apparent dissociation constant 
( K Q ) for the Ca2 + binding sites was determined to be 7.7 μΜ. 
Calcium binding probably is accompanied by a decrease in the 
apparent α-helical content of the EEP proteins. 
The present results indicate that the EEP proteins belong to 
the group of proteins possessing high affinity and binding capacity 
for calcium. Because of the high calcium-binding capacity, the EEP 
proteins possibly function as an intracellular calcium store in the 
lens. The calcium-sensitivity of the conformational state of the 
EEP proteins, however, might point to a possible regulating 
function of these membrane proteins in calcium-dependent cellular 
processes in the lens. 
8.1 INTRODUCTION 
One of the major protein components of calf lens fiber mem­
branes is a distinct group of proteins with molecular weights 
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ranging from 30 to 38 Kdalton, that can be released from the 
membranes by means of EDTA or EGTA (Broekhuyse and Kuhlmann, 
1978; Bouman, de Leeuw, Tolhuizen and Broekhuyse, 1979; van 
Raaij, de Leeuw and Broekhuyse, 1983a; van Raaij, de Leeuw and 
Broekhuyse, 1983b). These extrinsic membrane proteins, called EEP 
(EDTA-extractable proteins), are bound to lens fiber membrane 
structures via calcium (van den Eijnden-van Raaij, de Leeuw and 
Broekhuyse, 1985a). Recent investigations have shown that 
calcium-binding phospholipids rather than lens proteins have the 
capacity to bind EEP in the presence of calcium. In the EEP-
phospholipid interaction calcium probably functions as bridge ion 
between the anionic groups of protein and phospholipid (van den 
Eijnden-van Raaij, de Leeuw and Broekhuyse, 1985b). This kind of 
interaction suggests the presence of calcium-binding sites in EEP. 
For this reason we used the equilibrium dialysis technique to 
determine the calcium-binding capacity of purified EEP. In 
addition, the effect of calcium on the conformation of the EEP 
proteins has been studied by circular dichroism measurements. The 
results are reported in the present paper. 
8.2 MATERIALS AND METHODS 
8.2.1 Isolation and purification of EDTA-extractable proteins 
(EEP) 
EEP was extracted from cytoskeleton-free fiber membranes 
of decapsulated calf lenses and purified by Sephadex G100 gel fil-
tration according to van Raaij et al. (1983a). For calcium binding 
studies EEP was exhaustively dialyzed versus 1 mM Tris-HCl (pH 
8.0) at 40C. Circular dichroism measurements were carried out on 
solutions of EEP in 5 mM sodium borate buffer (pH 8.0). 
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8.2.2 Analytical procedures 
Protein determinations have been carried out as reported by 
van Raaij et al. (1983a). 
8.2.3 Calcium binding studies 
Calcium binding was measured by equilibrium dialysis (Passing 
and Schubert, 1983). 4 5 С а С І 2 (2 mCi/ml; specific activity 10-40 
mCi/mg) was obtained from Amersham. Contamination of the used 
solutions by endogenous Ca2+ was avoided by rinsing vessels and 
dialysis membranes in 1 mM EDTA solutions and afterwards in H2O. 
СаСІ2 standard solution (Radiometer, Kopenhagen) was 
diluted with Tris-HCl buffer (pH 8.0; same molarity as in protein 
sample) to the desired СаСІ2 concentration. 4 ^СаСІ2 was added for 
the dialysis experiment. Protein samples of 0.5 ml (250 μζ protein) 
were dialyzed at room temperature for 48 hr against 10 ml of the 
radioactive buffer under gentle shaking. After dialysis 100 μΐ 
samples of the solutions on either side of the dialysis membrane, 
together with a sample from the diluted standard СаСІ2 solution, 
were dissolved in 'Instagel' (Packard) and counted in a scintillation 
spectrometer. The number of Ca^+ ions bound per mol protein was 
determined. 
8.2.4 Circular dichroism 
Circular dichroism (CD) measurements were carried out with 
an Auto Dichrograph Mark V (Jobin Yvon) spectropolarimeter. 
Quartz cells with path lengths of 0.1 cm, containing 250 μ\ protein 
solution (1.18 mg/ml) were used. The effect of calcium on the CD 
spectrum of EEP was studied by the addition of variable amounts of 
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calcium (10 μΐ portions of 5 or 10 mM СаСІ2 solutions in borate 
buffer) to the EEP solution in the cuvet. 
Mean residue ellipticities ([©]•,) were calculated using a mean 
residue molecular weight of 129, which was calculated from the 
amino acid composition of EEP determined earlier (van Raaij et al., 
1983a). 
The percentage of α-helix in EEP was determined by the 
procedure of Greenfield and Fasman (1969) using polylysine as the 
reference peptide structure. 
8.3 RESULTS AND DISCUSSION 
Fig. 1 shows the data obtained from equilibrium dialysis 
experiments to determine the calcium-binding capacity of EEP. Fig. 
1(a) shows the concentration dependency of the Ca¿+ binding. The 
number of Ca^+ ions bound per protein molecule (B) is plotted 
against the free Ca^+ concentration (F). A binding plateau was 
reached at 20 μΜ Ca^+. The saturation level of the Ca^+ binding 
was determined to be 25 mol Ca¿+ per mol EEP. This result in-
dicates that the EDTA-extractable proteins as a group have a high 
binding capacity for calcium. Binding is half-maximal at about 7.5 
μΜ. 
Fig. 1(b) represents a Scatchard plot and Fig. 1(c) a Hill plot 
of the same data as in Fig. 1(a). The non-linearity of the Scatchard 
plot indicates the presence of binding sites with different affinities 
for calcium among the EEP proteins. In view of the bell shape of 
this plot and a Hill coefficient of 2.75 [>1; Fig. 1(c)], it is very 
unlikely that these binding sites are independent of eachother in 
the binding of calcium. This idea is supported by the slight 
sigmoidicity of the saturation curve [Fig. 1(a)]. In case of a single 
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Fig. 1. Analysis of the calcium-binding capacity of EEP. (a) 
Dependence of Ca2 + concentration on the binding of calcium to 
EEP. Number of Ca2 + ions bound per protein molecule (B) was 
plotted versus the concentration of free Ca2 + (F). Binding is half 
maximal at about 7.5 μΜ. (b) Scatchard plot of Ca^"·" binding by 
EEP. В and F as in (a), (c) Hill plot of C a 2 + binding by EEP. В and F 
as in (a). Apparent dissociation constant (Kp) = 7.7 /xM. Hill 
coefficient (slope of straight part) = 2.75. 
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cooperativity between the calcium-binding sites in the protein. For 
EEP, being a complex mixture of different proteins, the number of 
calcium-binding sites within each of the proteins cannot be 
evaluated from the present data. In spite of this uncertainty the 
different plots indicate that binding of one calcium ion to a site of 
a single EEP protein facilitates the binding of the next calcium ion 
to this protein by increasing the affinity of the vacant binding 
sites. 
From the Hill plot [Fig. 1(c)] a mean apparent dissociation 
constant ( K Q ) of 7.7 μΜ was estimated for the EEP-Ca complexes. 
This value is of the same order of magnitude as the K Q for calcium 
binding to the high affinity site of calmodulin (Kp = 3.5 μΜ; Lin, 
Liu and Cheung, 1974) and of the high affinity calcium-binding 
protein from sarcoplasmic reticulum ( K Q = 3 μΜ; Ostwald and 
MacLennan, 1974). The latter protein binds up to 1 mol per mol 
protein whereas 3 mol Ca2 + per mol protein are bound to the high 
affinity site of calmodulin. These values are low as compared to the 
maximum of 25 mol Ca^+ per mol EEP. However, calsequestnn can 
bind 43 mol Ca^Vmol protein with an apparent dissociation 
constant of 40 μΜ (MacLennan and Wong, 1971). From these results 
we conclude that the EEP proteins belong to the group of proteins 
possessing high affinity and binding capacity for calcium. 
Far-UV CD spectra of lens fiber EEP were established in the 
presence and absence of Ca^+ (Fig. 2) as a first approach to study 
the effect of calcium on the conformational state of the EEP 
proteins. The CD patterns obtained, showing maximum ellipticity at 
208 and 222 nm, are characteristic for proteins with α-helical 
structure. Analysis of the CD spectra according to Greenfield and 
Fasman (1969) indicates a mean or-helix percentage of 52% among 
the EEP proteins. This value gradually decreases to 45% if 
increasing amounts of СаСІ2 are added to the EEP solution. After 
the saturation level of 25 mol Ca^+ bound per mol EEP is reached, 
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further addition of Ca^+ no longer results in a conformational 
change of α-helix to a more extended structure. These results are a 
first indication for the calcium-sensitive conformation of the EEP 
proteins. Whether the high α-helical content of the EEP proteins is 
the native mean conformational s tate of these proteins in the lens 
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Fig. 2. Effect of calcium on the circular dichroism pattern of EEP. 
Far-UV circular dichroism spectra of EEP (8.7 nmol) in 5 mM 
sodium borate buffer (pH 8.0) without Ca^+ ( ), + 50 nmol 
Ca 2 + ( ), + 100 nmol Ca 2 + (· · •), + 300 nmol (or more) Ca 2 + 
( ). The different spectra have been corrected for the dilution 
factor. 
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The effect of calcium on the conformation of the EEP 
proteins is similar to that observed with the S-100b protein from 
bovine brain (Mani, Boyes and Kay, 1982). Upon calcium binding the 
helical content of the latter protein drops from 58 to 52%. In 
contrast to these results addition of calcium to the calcium-binding 
proteins parvalbumin, calmodulin and troponin A caused a signi­
ficant increase in their a-helicity (Murray and Kay, 1972; Walsh, 
Stevens, Oikawa and Kay, 1979). For other proteins like rat renal 
calcium-binding protein (CaBP) the percentage of α-helix remained 
unchanged after calcium binding (Pansini and Christakos, 1984). 
In lens fiber cells the most important calcium-binding sites 
are the calcium-binding phospholipids, showing high calcium-binding 
capacity and very low dissociation constants (<1 μΜ) for the Ca-
lipid complexes (Gregory and Ginsberg, 1984; Seimiya and Ohki, 
1973). These phospholipids very likely are the attachment points for 
EEP with the membrane (van den Eijnden-van Raaij et al., 1985b). 
Because of the very low free Ca*+ concentration in calf lens 
( <5x l0" 7 M; Peracchia, 1978) it is unlikely that EEP within lens is 
saturated with calcium. Because of their high calcium-binding 
capacity the EEP proteins might function as an intracellular 
calcium store in the lens. A similar function has been described for 
calsequestrin in sarcoplasmic reticulum (Ostwald and MacLennan, 
1974). The calcium-sensitive conformation of EEP, however, points 
to a possible regulating function of these membrane proteins in 
calcium-dependent cellular processes in the lens. The correlation of 
the calcium-binding characteristics of EEP with the function of 
these membrane proteins in the lens awaits further investigation. 
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BOVINE LENS CALMODULIN. 
ISOLATION, PARTIAL CHARACTERIZATION 
AND CALCIUM-INDEPENDENT BINDING TO 
LENS MEMBRANE PROTEINS 
Summary 
Calmodulin has been isolated from calf lens fiber cells. Like 
other vertebrate calmodulins lens calmodulin shows a calcium-
dependent mobility shift on SDS-polyacrylamide gels and forms 
immune complexes with antiserum, raised against vertebrate cal-
modulin. 
Via the gel overlay technique radioiodinated calmodulin from 
lens or bovine brain was found to bind to the main intrinsic protein 
(MIP) and the 17.5 kDa protein of lens fiber membranes in a 
calcium-independent manner. After proteolytic digestion of lens 
fiber membranes with trypsin or Staphylococcus aureus V8 protease 
the calmodulin-binding activity of MIP is retained. This result 
indicates that the small polypeptide fragment of MIP, which is 
accessible to proteolytic attack, apparently is not the attachment 
point for calmodulin. 
Two additional calmodulin-binding proteins (MW 14 kDa and 
16.5 kDa) are observed in junction-enriched fiber membrane 
fractions. These junction-specific proteins are bound to the 
membrane via calcium. In addition to MIP and the 17.5 kDa protein 
they are possibly involved in the calcium-dependent regulation of 
lens fiber junctions. 
The 14 and 16.5 kDa proteins are also present in epithelial 
membranes, prepared from freshly obtained calf lens epithelia. 
Whereas in the latter membranes the two proteins form part of the 
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four 14-17 kDa major protein components, these proteins are absent 
in membranes from cultured lens epithelial cells. The epithelial 14 
kDa and 16.5 kDa proteins thus appear to be junction-specific. The 
capacity of the lat ter proteins to bind calmodulin in the presence 
and absence of calcium indicates that these junction-specific 
proteins are very similar, if not identical, to the corresponding 
fiber junctional proteins. In addition, this result points to the 
existence of calcium-regulated junctions in epithelial cells. 
9.1 INTRODUCTION 
Mammalian lens fiber cells are connected by extensive 
junctional complexes, called gap junctions [ l - 4 ] , enabling 
electrical and metabolic coupling between the cells [5,6]. Calcium 
appears to be an important factor in the regulation of gap junction 
permeability and structure [7-10]. 
Recent studies have shown that bovine brain calmodulin binds 
to the 26 kDa gap junction protein of chick lens in a calcium-
independent manner [ l l ] . Calmodulin is a multifunctional calcium-
binding protein, mediating the effect of calcium in numerous 
cellular processes [12]. Via calmodulin the gap junction protein 
thus becomes calcium-sensitive, implicating a possible role of 
calmodulin as regulator of structure and function of gap junctions 
[ 11 ]. This idea is supported by the finding of Girsch and Peracchia 
[ l3] that calmodulin regulates the channel permeability of lens 
MIP 26 reconstituted vesicles. 
Little is known about the presence and localization of 
calmodulin in lens. Recently Iwata, Shirasawa and Takehana [ l4] 
have shown that an activator of Ca-ATPase exists in the soluble 
fraction of mouse lens. This activator was believed to represent 
calmodulin. We have found now that calmodulin indeed is present in 
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lens. The isolation and characterization of calmodulin from bovine 
lens is described in the present paper. In addition, the calcium-
independent binding of lens calmodulin to lens membrane proteins is 
discussed. The (binding) characteristics of calmodulin from bovine 
lens and brain are compared. 
9.2 MATERIALS AND METHODS 
9.2.1 Preparation of calmodulin from bovine lens 
Calmodulin was prepared from bovine lens tissue by a slight 
modification of the procedure described by Watterson et al. [ i s ] . 
Fresh lenses from 4-month-old calves were decapsulated and 
stirred overnight at 40C in two volumes of 0.1 M sodium acetate, 
0.001 M dithiotreitol (DTT) and 0.001 M EDTA (pH 7.2). The 
suspension was centrifuged at 2x10^ g.min at 40C and the super-
natant was saved. The pellet was again homogenized at O'C in a 
Potter-Elvehjem tube with teflon pestle in an equal volume of 
buffer and centrifuged at 2x10^ g.min. The supernatants were 
pooled and treated further as described by Watterson et al. [ l5] in 
step 4 and 5, except that DTT instead of 2-mercaptoethanol was 
used in buffer B. 
After DEAE-Sephadex A50 column chromatography the 
column fractions were identified by SDS-polyacrylamide gel 
electrophoresis and immunoblotting (see Analytical and immuno-
logical methods). The calmodulin-containing fractions were 
dialyzed at 40C vs. 1 mM Tris-HCl (pH 8.0) for 24 hr, lyophilized 
and dissolved in water. The calmodulin solution was stored at 
-20oC. 
143 
9.2.2 Isolation of lens membranes 
Fiber membranes were prepared from whole decapsulated 4-
month-old calf lenses according to the method of van Raaij, de 
Leeuw and Broekhuyse [16]. Fractions enriched in junction-like 
structures were isolated in the presence of EGTA [2] or СаСІ2 
[17]. 
For proteolytic digestion of urea-treated fiber membranes, 
trypsin (Millipore Corporation) and Staphylococcus aureus V8 
protease (Sap; Miles & Co) each were dissolved in 50 mM Tns-HCI 
(pH 8.0) to a final concentration of 5 mg/ml. Membrane protein (0.5 
mg) was incubated with 10 μg trypsin or Staphylococcus Aureus V8 
protease in 50 mM Tns-HCI (pH 8.0) at 37 0 C. The reaction was 
stopped by addition of an equal volume of 10% SDS-4% DTT. 
Calf lens epithelial membranes were prepared from freshly 
obtained epithelia, or from cultured epithelial cells (gift of Dr. 
Rink, University of Bonn, FRG) as described by van Raaij et al. 
[ 16 ]. The different lens membrane preparations were tested for the 
presence of calmodulin-binding proteins. 
9.2.3 Radioiodination of calmodulin 
Calmodulin from bovine lens or bovine brain (Serva) was 
radioiodinated using 1,3,4,6-tetra-chloro За, ба-diphenylglycouril 
(IODO-GEN) obtained from Pierce. For the labeling of calmodulin 
the same procedure was used as described earlier for the radio­
iodination of EDTA-extractable lens membrane proteins [18]. 
Reaction of 100 μ\ calmodulin solution (50 ^g) and 25 μΐ Na'^Sj 
(250 μ Ο ) with a reactive film of 5 μξ IODO-GEN for 30 min at 
room temperature resulted in 60-65% incorporation of label in 
calmodulin. The final specific activity of calmodulin used in the gel 
overlay experiments was about 4 μΟι/μξ of protein. 
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9.2.4 Gel overlay technique using r a d i c i o d i n a t e d calmodulin 
To identify calmodulin-binding proteins the gel overlay 
method of Glenney and Weber [19] was used with slight modifi­
cation [18]. After the usual treatments the SDS-polyacrylamide 
gels were incubated with 10 /uCi of ^^l-\abe\ed calmodulin per ml 
incubation buffer containing 1 mM СаСІ2 or 1 mM EGTA. The gels 
were then washed exhaustively with buffer to remove unbound 
calmodulin and were afterwards subjected to autoradiography. 
9.2.5 Analytical and immunological methods 
Protein determinations in the presence of SDS were carried 
out according to Lees and Paxman [20] using bovine serum albumin 
as a standard. The Bio-Rad protein microassay [21] was used for 
monitoring column effluents. 
SDS-gel electrophoresis was performed in 13% gels as re­
ported by van Raaij et al. [ іб] . 
For the immunological detection of calmodulin on nitro­
cellulose sheets this protein was transferred electrophoretically 
from SDS gel to filter [22]. Because of the fact that calmodulin is 
a small acidic protein, transfer time was reduced to 30 min (at 180 
mA constant current; A'C) while fixation of the obtained electro-
blots with 0.2% glutaraldehyde in PBS (1 hr; 20oC) was necessary 
to keep calmodulin on the filter [29] . The fixed blots were rinsed 
twice with PBS, soaked in blocking buffer (= RIA buffer in [23]) 
for 1.5 hr at 37 0 C and then incubated with anti-calmodulin 
antiserum diluted into RIA buffer (18 hr; 20oC). The immune 
complexes were visualized using ^ 5 i _ p
r o t e j n д a s described by van 
Raaij, de Leeuw, Janssen and Broekhuyse [24]. 
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9.3 RESULTS 
9.3.1 Isolation and characterization of bovine lens calmodulin 
To determine whether calmodulin is present in lens tissue a 
procedure similar to that described for the isolation of calmodulin 
from bovine brain [15] was applied to calf lenses. Fig. 1 shows the 
elution pattern obtained after DEAE-Sephadex A 50 column chro­
matography of crude calmodulin. SDS-gel electrophoresis of the 
different fractions reveals that the small peak, eluting at 0.47 M 
sodium chloride, predominantly contains a protein component at 21 
kDa, which comigrates with bovine brain calmodulin (Fig. 2). As 
reported by Watterson et al. [15] the latter protein elutes at about 
the same sodium chloride molarity. For this reason we tested the 21 
kDa lens protein for the calcium-dependent mobility change in SDS 
gels, which is specific for calmodulin [24,25]. 
0 02 
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Fig. 1. DEAE Sephadex A50 chromatography of crude lens cal­
modulin. Absorbance at 280 nm (curve) and protein content per 
fraction (block diagram). The column (20x1.5 cm) was eluted with a 
linear salt gradient consisting of 200 ml each of buffer В (0.01 M 
Tris-HCl, 0.001 M EDTA, 0.001 M DTT and 0.2 M NaCl, pH 7.5) as 
starting buffer and buffer В containing 0.7 M NaCl as a limit 
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Fig. 2. SDS-gel electrophoresis (13% gel, 0.75 mm) of bovine brain 
calmodulin (ВС) and fractions 66-82, obtained by DEAE Sephadex 
A50 chromatography of lens calmodulin as described in Fig. 1. 
Calibration proteins: lysozyme (14.3 kDa), trypsin inhibitor (21 
kDa), chymotrypsinogen A (25.7 kDa), ovalbumin (43 kDa), catalase 
(58 kDa), serum albumin (68 kDa) and Phosphorylase A (92.5 kDa). 
The Coomassie blue-stained SDS-gel electrophoretic patterns 
of bovine brain calmodulin and 21 kDa lens protein (fraction 71, 
Fig. 2), both incubated in sample buffer containing СаСІ2 or EGTA, 
are shown in Fig. 3a. In the presence of EGTA both proteins 
comigrate as protein bands with an apparent molecular weight of 
about 21 kDa (lanes 3 and 4). Upon incubation in the presence of 




bovine brain calmodulin (lanes 1 and 2) and chicken gizzard cal­
modulin (not shown). The split band behavior observed for the 
faster migrating species probably is the result of partial saturation 










Fig. 3. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of bovine 
brain calmodulin (lanes 1 and 3) and lens calmodulin (lanes 2 and 4). 
The protein samples were incubated for 10 min at 80oC in a 5% 
SDS-2% DTT solution, containing 0.1 mM СаСІ2 (lanes 1 and 2) or 
0.1 mM EGTA (lanes 3 and 4). Calibration proteins as in Fig. 2. (b) 
Autoradiograph of corresponding electroblot, after incubation with 
anti-calmodulin antiserum (1:100) and 1 ' "I-labeled protein A. 
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Because of the strong resemblance in electrophoretic mobility 
between bovine brain calmodulin and the 21 kDa lens protein, the 
latter protein very likely represents lens calmodulin. Evidence for 
this identity has been obtained by the immunoblot technique using 
an antiserum raised against vertebrate calmodulin. The results are 
shown in Fig. 3b, representing an autoradiograph of an anti-
calmodulin-treated electroblot of a SDS-gel containing the same 
samples as in Fig. 3a. Immune complexes, visualized by ' " ^ д ^ ] ^ 
protein A, are formed with both proteins, irrespective of the 
presence of calcium or EGTA. This result indicates that the large 
number of tissues expressing calmodulin is further extended by lens 
tissue. The recovery of calmodulin from lens fiber cells, which was 
determined from the protein content of the calmodulin peak (block 
diagram in Fig. 2) amounted to 0.005 mg/g lens protein. 
9.3.2 Binding of ^-^I-labeled lens calmodulin to lens proteins 
Isolated bovine lens calmodulin was labeled with Nal25¡
 an¿ 
used for binding experiments via the gel overlay technique. In this 
way calmodulm-binding proteins could be identified in lens. 
To compare the binding characteristics of calmodulin from 
different tissues, parallel experiments were carried out using 125j_ 
labeled bovine brain calmodulin. The results described below for 
lens calmodulin are completely identical to those obtained with 
bovine brain calmodulin. 
Fig. 4a represents the Coomassie blue-stained SDS-gel 
patterns of several lens membrane preparations and cytoskeleton 
fraction of lens fiber cells. The autoradiograph from a gel, run in 
parallel and overlaid with ^^l-iabe\ed lens calmodulin in the 
presence of СаСІ2 is shown in Fig. 4b. With calcium-free incu­
bation buffer the same result was obtained. 
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l^I- labeled calmodulin is bound to the main intrinsic protein 
(MIP) and the 17.5 kDa polypeptide of lens fiber membranes (Figs. 4 
a and b, lane 1). Degradation of these proteins by proteolytic di-
gestion of the fiber membranes does not eliminate their calmodulin-
binding capacity. Complexes of the 21 kDa tryptic digestion 
product of MIP with 1 25 j_ c a i m o ( j u | j n a r e forir ie(j ¡
п Spite of the 
missing 5 kDa MIP fragment (Figs. 4 a and b, lanes 2 and 3). In 
addition, radioactivity can be detected at the position of the 23 
kDa and 22 kDa polypeptides to which MIP is converted by Sap 
digestion of the membranes (Figs. 4 a and b, lanes 4-6). The radio­
active low molecular weight polypeptide in the Sap-treated mem­
branes possibly represents a digestion product of the 17.5 kDa 
^Щ ™ 
1 2 3 4 5 6 7 1 2 3 4 5 6 7 
Fig. 4. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of (I) urea-
treated lens fiber membranes prepared according to van Raaij et al. 
[ і б ] ; (2) and (3) membranes as in (1), digested with trypsin for 15 
min and 2 hr, respectively; (4), (5) and (6) membranes as in (1), 
digested with Staphylococcus aureus V8 protease for 30 min, 1 hr 
and 4 hr, respectively; (7) urea-soluble calcium-containing cyto-
skeleton fraction. Calibration proteins as in Fig. 2. (b) Autoradio-
graph from a gel, run in parallel, and overlaid with ^^l-\abeled 
lens calmodulin in the presence of СаСІ2. 
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protein. The absence of radioactivity in the cytoskeleton fraction 
(Figs. 4 a and b, lane 7) indicates that the presence of calmodulin-
binding proteins is restricted to the plasma membrane. 
In order to gain better insight into the possible function of 
calmodulin as regulator of junctional action, the calmodulin-binding 
activity of proteins in junction-enriched fiber membrane fractions 
was examined. Junctions prepared in the presence of EGTA contain 
MIP and the 17.5 kDa protein as the only calmodulin-binding 
proteins (Figs. 5 a and b, lane 3). In junctional membranes isolated 
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Fig. 5. (a) SDS-gel electrophoresis (13% gel, 0.75 mm) of (1) urea-
treated lens fiber membranes as in Fig. 4, lane 1; (2) and (3) 
junction-enriched lens fiber membrane fraction (30-41% sucrose 
layer, [17]) prepared in the absence and presence of EGTA, res­
pectively; (4) urea-treated membranes from freshly obtained lens 
epithelia; (5) urea-treated membranes from cultured lens epithelial 
cells. Calibration proteins as in Fig. 2. (b) Autoradiograph from a 
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in the presence of СаСІ2. 
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also a 14 kDa and 16.5 kDa polypeptide show a calcium-independent 
calmodulm-binding activity (Figs. 5 a and b, lane 2, arrows). The 
latter two proteins form part of a set of four polypeptides with 
molecular weights between 14 kDa and 17 kDa, which are believed 
to be specific protein components of junction-like structures 
prepared in calcium-rich medium [17]. 
14-17 kDa proteins are also observed in urea-treated mem-
branes from freshly obtained calf lens epithelia (Fig. 5a, lane 4). In 
these membranes, isolated in the presence of calcium, the four 
proteins are present as the major protein components. MIP and the 
17.5 kDa protein are absent. In agreement with the results just 
described for fiber junctions, only the 14 kDa and 16.5 kDa proteins 
interact in a calcium-independent manner with '25j.] a^ e] e c j ] e n s 
calmodulin (Fig. 5b, lane 4). Urea-treated membranes from cultured 
lens epithelial cells contain no calmodulin-binding proteins at all 
(Fig. 5b, lane 5). The group of 14-17 kDa proteins is completely 
absent in these membranes (Fig. 5a, lane 5). 
9.4 DISCUSSION 
This study shows that calmodulin, and calmodulin-binding 
proteins are present in calf lens fiber and epithelial cells. Like 
other vertebrate calmodulins lens calmodulin undergoes a calcium-
induced mobility change on SDS-gels, and forms immune complexes 
with antibodies raised against vertebrate calmodulin. These results 
are in agreement with the finding that calmodulin is highly 
conserved in different eukaryotic cells and tissues from diverse 
species [12]. 
The binding experiments with 125]_]abeiecj calmodulin from 
bovine lens or brain revealed the presence of two calmodulin-
binding proteins (MIP and the 17.5 kDa protein) in calf lens fiber 
152 
membranes. The 17.5 kDa protein is absent in chick lens membranes 
[ 26] explaining the presence of only one calmodulin-binding protein 
(MIP) in chick lens as described by Welsh et al. [ i l ] . 
Calcium-independent calmodulin-binding activity is retained 
after proteolytic degradation of MIP. This result indicates that the 
4 or 5 kDa polypeptide fragment of MIP, which is accessible to 
proteolytic attack and probably located outside the membrane, is 
not the attachment point for calmodulin. For this reason it is very 
likely that the calcium-independent binding of calmodulin to MIP is 
of hydrophobic nature in lens fiber membranes. Hydrophobic 
protein-protein interactions probably are also involved in the 
binding of calmodulin to the 17.5 kDa intrinsic lens membrane 
protein. 
In junction-enriched fiber membrane fractions, besides MIP 
and the 17.5 kDa protein, two additional calmodulin-binding 
proteins with apparent molecular weights of 14 and 16.5 kDa are 
present. These proteins form part of a group of four 14-17 kDa 
junction-specific proteins, which are bound to the membrane via 
calcium [17]. None of these proteins show a calcium-dependent 
mobility shift on SDS-gel. This result, together with the finding 
that calmodulin does not form complexes with itself via the gel 
overlay technique (not shown), excludes the presence of calmodulin 
among these junction-specific proteins which was suggested earlier 
[17]. 
In lens epithelial membranes the same set of low molecular 
weight proteins is observed. Like in junction-enriched fiber 
membrane fractions, only the 14 kDa and 16.5 kDa epithelial 
protein components have the capacity to bind calmodulin, which is 
a striking similarity. The finding that the 14-17 kDa proteins are 
present in membranes from freshly prepared calf lens epithelia and 
absent in membranes from cultured epithelial cells points to the 
specificity of these proteins for junctional structures. From these 
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results we conclude that both epithelial and fiber membranes 
contain identical junction-specific proteins. 
Up till now the calcium-dependent regulation of structure and 
function of lens junctions is not well-understood. Welsh et al. [ i l ] 
suggested that calcium-sensitivity in chick lens gap junctions was 
induced by the calcium-independent interaction of calmodulin with 
the 26 kDa gap junction protein. In calf lens the regulation of 
junctions seems to be much more complicated because of the 
presence of four calmodulin-binding proteins. Two of these pro­
teins, MIP and the 17.5 kDa protein, are localized in both 
junctional and поп-junctional lens membranes [27,28]. The 14 and 
16.5 kDa proteins, however, are junction-specific. Although MIP 
and the 17.5 kDa protein are the major (calmodulin-binding) com­
ponents of lens fiber membrane structures, we believe that the 
junction-specific 14 and 16.5 kDa proteins also may be involved in 
the calcium-dependent regulation of lens fiber junctions. The 
presence of the junction-specific calmodulin-binding proteins in the 
membranes of lens fiber and epithelial cells indicates that calcium-
regulated junctions exist in both cell types. Detailed morphological 
and biochemical studies are necessary to elucidate the similarities 
and differences in the structural and regulatory aspects of fiber 
and epithelial junctions. 
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BIOCHEMICAL AND HISTOCHEMICAL CHARACTERISTICS 
OF PROTEINS HOMOLOGOUS TO CALF LENS MEMBRANE 
PROTEINS WITH HIGH CALCIUM-BINDING CAPACITY 
Summary 
Proteins with high affinity and capacity for calcium are 
present in the membranes of calf lens fiber and epithelial cells. 
They can be extracted from these membranes by means of EDTA or 
EGTA. The tissue specificity and localization of these 30-38 
Kdalton EDTA-extractable proteins (EEP) have been examined. 
Antibodies raised against calf lens fiber EEP specifically form 
immune complexes with distinct proteins of 30-38 Kdalton in a 
great variety of non-lenticular tissues. By indirect immuno-
fluorescence microscopy using anti-EEP antiserum, the EEP-like 
proteins could be detected in fibroblasts, retinal Müller cells, endo-
thelial cells and some types of epithelial cells. Only covering 
epithelia like in cornea and around the glomerulus contained 
significant amounts of these proteins, irrespective of the shape of 
the cells. EEP-like proteins were absent in secreting epithelial 
cells of liver, kidney tubules and pancreas. In addition, they were 
not detected in muscle, nerve and fat cells, erythrocytes and 
lymphocytes. 
The localization and the number of EEP-like proteins varied 
among different cell types. In fibroblasts, containing only two EEP-
like proteins (Mol. wt. 33.0 and 31.5 Kdalton in calf tissue), 
predominantly the nucleus was stained. In vitro studies with 
permeabilized cultured fibroblasts from several species have shown, 
that the nuclear staining was built up of bright spots around 
unstained nucleoli. In epithelial and endothelial cells of calf tissue, 
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however, most fluorescent label was found in the plasma mem-
branes. Immunoblotting experiments revealed the presence of at 
least five EEP-like proteins, including a 33.0 and 31.5 Kdalton com-
ponent, in these cell types. The difference in staining pattern 
between these cells and fibroblasts thus might indicate that the 
nature or the localization of some of the EEP-like proteins is cell 
type-specific. 
Because of their extractabihty from various tissue membrane 
fractions by means of EDTA or EGTA it is suggested that at least 
part of the EEP-like proteins is bound to membrane structures via 
calcium. This characteristic feature, together with the molecular 
weight values and the cross-reactivity with anti-EEP antiserum 
indicate that these proteins and the lens membrane proteins with 
high calcium-binding capacity share a very high degree of homology 
and may even be identical. 
10.1 INTRODUCTION 
In the past few years we described a distinct group of 
proteins that was isolated from calf lens fiber membranes by means 
of EDTA or EGTA extraction [ l ] . This group of EDTA-extractable 
proteins (EEP) consists of different monomenc proteins with 
molecular weights ranging from 30 to 38 Kdalton. They show con-
siderable charge heterogeneity and have one antigenic determinant 
in common, while subgroups possess other common antigenic sites. 
They appeared to be unrelated to any other lens protein [2] . 
EEP is absent in cytoplasm and cytoskeleton of lens fiber 
cells, but is one of the major protein components of the fiber 
membranes. We have shown that the interaction of EEP with the 
membranes is of electrostatic nature and is mediated exclusively by 
calcium ions [3,4]. We have suggested that calcium-binding 
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phospholipids rather than membrane proteins function as EEP-
binding sites in the calcium-dependent binding of EEP to lens fiber 
membranes [ 5 ] . 
Recently we have investigated the calcium-binding capacity 
of EEP. EEP has been shown to bind up to 25 mol Ca^/mol protein 
at pH 8.0, with an apparent dissociation constant ( K Q ) of 7.7 μΜ 
[ 6] . This K D value is of the same order of magnitude as the K Q for 
calcium binding to the high affinity site of calmodulin (Kp = 3.5 
μΜ, [7]). In addition, both calmodulin and EEP undergo a con­
formational change upon calcium binding. While calmodulin is a 
ubiquitous multifunctional protein, mediating the effect of calcium 
in numerous cellular processes [8] , the function of the lens 
membrane proteins with high calcium-binding capacity is still the 
subject of speculation [6] . Better insight into their possible role in 
biological processes might be obtained from knowledge of the 
occurrence of EEP in other tissues than lens. The present study is 
an immunological approach to analysis of the tissue specificity of 
EEP, using a specific anti-EEP antiserum. In a variety of tissues 
this antiserum recognized proteins with apparent molecular weights 
which are close or equal to those of EEP. The localization of these 
EEP-like proteins in specific cell types is discussed. 
10.2 MATERIALS AND METHODS 
10.2.1 Isolation and purification of EDTA-extractable 
proteins (EEP) from calf lens fiber membranes 
EEP was extracted from urea-treated fiber membranes of de-
capsulated calf lenses and afterwards purified by Sephadex G100 
gel filtration according to the method of van Raaij et al. [ l ] . 
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10.2.2 Analytical procedures 
Protein determinations and sodium dodecyl sulfate (SDS)-gel 
electrophoresis in 10% and 13% gels have been carried out as 
reported by van Raaij et al. [ l ] . 
10.2.3 Cells 
Different cell types were isolated from calf tissue using the 
following methods. Epithelial and endothelial cells were scraped off 
from cornea with a blunt spoon. Lens epithelial cells were removed 
from the capsule according to the method described by van Raaij et 
al. [ I ] . 
Chicken embryo fibroblasts prepared according to Rein and 
Rubin [9] and rabbit skin fibroblasts were cultured in plastic 
culture flasks (Costar) in Eagles MEM medium, supplemented with 
20% foetal bovine serum and antibiotics. The immunofluorescence 
experiments described below were all performed on primary cell 
cultures. For immunoblotting experiments cells were trypsinized, 
pelleted and washed three times with phosphate-buffered saline 
(PBS). 
10.2.4 Immunological methods 
(a) Preparation of antiserum 
An antiserum was prepared against purified EEP from calf 
lens fiber membranes as previously described [2] . 
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(b) Immunoblotting 
Pieces of freshly obtained calf tissues, or cells removed from 
tissues as described, were homogenized at 0 o C in a Potter-
Elvehjem tube with teflon pestle in 20 mM Tris-HCl, pH 8.8 (1 g 
tissue per 5 ml buffer) and sonicated afterwards with a Branson 
Somfier (model L) at power setting 3 at 0 o C to disperse remnant 
tissue fragments. The protein concentration of the homogenates 
was determined. 60-80 μ% of protein from each tissue was se­
parated by electrophoresis on 13% SDS Polyacrylamide gels. After 
transfer of the proteins to nitrocellulose filter the blots were 
soaked in blocking buffer and incubated afterwards with anti-EEP 





e (] p r o t e i n д a s described by van 
Raaij et al. [2] . After drying of the blots an autoradiograph was 
prepared by exposing to Kodak X-Omat AR film. 
(c) Immunofluorescence of tissue sections 
Small pieces of fresh calf tissues were quickly frozen at 
-70 oC. 6 μπι thick sections were cut in a Cryotome (IEC, Model 
CTI, Needham Heights, MA) at -20oC and mounted on glass slides. 
All subsequent treatments were carried out at room temperature. 
The sections were dried in a cold air flow for 30 min and washed in 
phosphate-buffered saline (PBS, pH 7.4) for 30 min. The sections 
were incubated with anti-EEP antiserum or preimmune serum (both 
at 1:25 dilutions in PBS) for 30 min. Afterwards the sections were 
washed three times with PBS and then incubated for 30 min in a 
1:10 dilution of fluorescein isothiocyanate-conjugated goat anti­
bodies to rabbit IgG (GAR-FITC,Nordic Immunological Laborato­
ries). Stained preparations were washed three times with PBS, 
mounted under glass coverslips in PBS/glycerin (1:1) and studied by 
fluorescence microscopy. 
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(d) Immunofluorescence of cultured cells 
Cells cultured on glass coverslips were subjected to either of 
the following treatments: 
(1) Fixation of the cells with 2.5% paraformaldehyde, 2% sucrose in 
PBS, pH 7.6 for 5 min at room temperature; (2) fixation as (1) 
followed by permeabilization of the cells with 0.1% detergent NP-
40 in PBS for 5 min [10]; (3) extraction of the cells, prefixed as (1), 
with ice-cold 0.5% Triton X-100 in 20 mM HEPES-300 mM sucrose-
3 mM MgCl2-50 mM NaCl(pH 7.4) for 5 min [11]. The fixed, per-
meabilized and extracted cells were washed in PBS. Afterwards 
they were incubated with anti-EEP serum or preimmune serum (1:10 
dilutions in PBS) for 30 min and stained as described for tissue 
sections (c). 
10.3 RESULTS 
10.3.1 Immunoblot analysis of the presence of EEP 
in various tissues 
The presence of EEP in a number of different calf tissues was 
investigated by immunoblotting using an antiserum raised against 
this group of proteins. This anti-EEP antiserum recognized no other 
lens proteins than EEP [ 2 ] . Figs. 1 and 2 show the Coomassie blue-
stained SDS-gels and the autoradiographs of corresponding electro-
blots after incubation with anti-EEP antiserum and ' " I - l abe l led 
protein A. The blots contained equal protein amounts of several 
tissue homogenates. Immune complex forming proteins with 
apparent molecular weights which are very similar to those of EEP 
(30-38 Kdalton) were present in all ocular (Fig. 1) and non-ocular 
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Fig. 1. Immunoblot analysis of the presence of EEP protein com­
ponents in ocular calf tissues, (a) Coomassie blue-stained SDS-gel 
protein patterns of tissue homogenates (13% gel, 0.75 mm), (b) 
Autoradiograph of corresponding electroblot after incubation with 
anti-EEP antiserum and ^ М д Ь ю Ц Ы protein A. (1) lens fiber EEP, 
(2) total lens, (3) cornea, (4) retina, (5) iris, (6) choroid, (7) sclera, 
(8) eye muscle. 
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(Fig. 2) tissues examined. In brain the amount of these EEP-like 
proteins is relatively low (Fig. 2, lane 5). The intensity of the 
separate protein bands differs among the various tissues. Only one 
protein band can be detected in total lens homogenate (Fig. 1, lane 
2). This is the result of the high percentage of crystallins in lens, 
obscuring the EEP proteins in the homogenate. For this reason care 
must be taken in the interpretation of the immunoblot results with 
regard to the real number of 30-38 Kdalton proteins, present in 
each tissue. In several tissues a low molecular weight protein cross-
reacting with anti-EEP antiserum is present. The nature of this 
protein is not known. The protein band at 68 Kdalton probably 
represents dimers of EEP-hke proteins. 
Fig. 2. Immunoblot analysis of the presence of EEP protein com-
ponents in non-ocular calf tissues, (a) Coomassie blue-stained SDS-
gel protein patterns of tissue homogenates (13% gel, 0.75 mm), (b) 
Autoradiograph of corresponding electroblot after incubation with 
anti-EEP antiserum and '25j_ja |jejje(j protein A. (1) lens fiber EEP, 
(2) liver, (3) spleen, (4) kidney cortex, (5) brain, (6) skin, (7) aorta, 
(8) cartilage, (9) lung, (10) cardiac muscle, (11) bladder, (12) 
thymus, (13) oesophagus, (14) tongue, (15) small intestine, (16) 









10.3.2 Immunofluorescence localization of EEP-like 
proteins in ocular tissues 
The indirect immunofluorescence technique was used to de­
termine whether EEP-like proteins are present in specific cell 
types, which are common to the tissues already analyzed by 
immunoblotting. Frozen sections (6 μτη) of several ocular tissues, 
incubated with anti-EEP antiserum are shown in Fig. 3. The 
cuboidal epithelial cells of lens (Fig. 3a) and the stratified 
squamous epithelial cells of the cornea (Fig. 3b) stained brightly 
whereas the area of lens fiber cells reacted very weakly (Fig. 3a). 
Positive staining is also observed in cornea endothelium (Fig. 3c), 
and in the endothelial cells of choroidal and retinal blood vessels 
(Fig. 3d and 3f, respectively). In addition, fibroblastic cells present 
in cornea stroma (Fig. 3c) and sclera (Fig. 3e) were stained. In 
contrast with the staining pattern of endothelial and epithelial 
cells, staining of fibroblasts was observed predominantly in the 
nuclei (see arrows m Fig. 3e). In retina a very specific cell type, 
the Müller cell, traversing the whole retina up to the photoreceptor 
layer, showed immunofluorescence staining with anti-EEP anti-
bodies (Fig. 3f). All other retinal cells were unstained. Staining was 
also absent in muscle cells and optic nerve cells (not shown). No 
significant staining was detectable when the tissue sections were 
incubated with preimmune serum and conjugate, or with GAR-FITC 
without preceeding antiserum incubation. 
10.3.3 Immunofluorescence localization of EEP-like 
proteins in non-ocular tissues 
The distribution patterns of EEP-like proteins in non-ocular 
tissues are similar to those in the eye. Fig. 4 shows the immuno-
170 
Fig. 3. Localization of EEP-like proteins In ocular tissues by 
indirect immunofluorescence staining of thin frozen sections using 
anti-EEP antiserum, (a) lens, (b) cornea epithelium, (c) cornea 
stroma and endothelium, (d) choroid, (e) sclera, (f) retina. Arrows in 
(e) point to the nuclear staining of fibroblasts. 
Bars, 50 μτη. (a) χ 420. (b and d-f) χ 150. (с) χ 255. 
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fluorescence staining results of several tissue sections, incubated 
with anti-EEP antiserum. Control incubations were done with 
preimmune serum as well as with GAR-FITC alone and appeared to 
be negative. In vascular tissues anti-EEP antibodies specifically 
stained endothelial cells lining the blood vessels, and fibroblasts in 
connective tissue around the vessels (Fig. 4a). Not only in the 
vicinity of blood vessels, but also in other areas of connective 
tissue, e.g. around muscle cells and adipose cells nuclear staining of 
fibroblasts was observed (not shown). 
Besides endothelium and fibroblasts certain epithelial cells 
contain significant amounts of EEP-like proteins. As shown in Fig. 
4b the parietal epithelial cells of the glomerulus in kidney were 
stained whereas no antibody was bound in the visceral epithelial 
Fig. 4. Immunofluorescence localization of EEP-like proteins in 
frozen sections of non-ocular tissues, (a) oesophagus, (b) kidney 
cortex, (c) thymus. Bars, 50 ,um. χ 150. 
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cells. Specific staining was also detected in the epithelial cells of 
thymic postcapillary venules (Fig. 4c). Columnar bronchiolar 
epithelial cells stained weakly with anti-EEP antiserum (not 
shown). The epithelia of kidney tubules (Fig. 4b) were unstained. In 
addition, staining was absent in the parenchymal cells and the 
epithelial cells of bile ducts in liver, and the acinar cells of 
pancreas. No significant amount of EEP-like proteins could be 
detected in fat cells, cardiac and skeletal muscle cells, nerve cells, 
erythrocytes and lymphocytes. 
These results indicate that EEP-like proteins are present in 
different cell types such as endothelial cells, fibroblastic cells and 
specific epithelial cells. The number and identity of the 30-38 
Kdalton protein components, expressed in each of the latter cell 
types, was investigated by immunoblotting experiments. 
10.3.4 Analysis of the number and Identity of EEP-like 
protein components in different cell types 
In each of the tissue homogenates analyzed by immunoblotting 
for the presence of EEP, at least two different cell types ex-
pressing EEP-like proteins were present. To determine differences 
in number and identity of the 30-38 Kdalton protein components in 
the separate cell types, cells were removed from appropriate 
tissues and prepared for immunoblot analysis. The results of the 
blotting experiments are shown in Fig. 5. At least three intense 
protein bands (34.0, 33.0 and 31.5 Kdalton) are present in the 
epithelial and endothelial cells of the cornea and in lens epithelial 
cells (lanes 4, 5 and 2, respectively). Variations in the proportional 
distribution of the protein bands occur between the different cells. 
In case of overloading the gel two additional protein bands (32.5 
and 30.7 Kdalton) could be detected. In lens fiber cells (lane 3) the 
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Fig. 5. Immunoblot analysis of number and identity of EEP-like 
protein components in different cell types, (a) Coomassie blue-
stained SDS-gel protein patterns of tissue homogenates (10% gel, 
0.75 mm), (b) Autoradiograph of corresponding electroblot after 
incubation with anti-EEP antiserum and ^ S j . ^ g H g ^ p r o tein A. (1) 
lens fiber EEP, (2) lens epithelial cells, (3) lens fiber cells, (4) 
cornea epithelial cells, (5) cornea endothelial cells, (6) cornea 
stroma, (7) cultured rabbit skin fibroblasts, (8) cultured chicken 
embryo fibroblasts. 
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appearance of one protein band corresponding with the immunoblot 
pattern of total lens homogenate (Fig. 1, lane 2) is the result of 
excess crystallins in the samples. 
In homogenates of cornea stroma a protein band at 33 Kdalton 
could be detected (Fig. 5, lane 6). In addition, a faint band at 31.5 
Kdalton was observed. Both proteins very likely are present in the 
stroma cells or fibrocytes. The latter idea was supported by the 
fact that the same protein doublet was observed m homogenates of 
rabbit skin fibroblasts in culture (Fig. 5, lane 7). However, in 
chicken embryo fibroblasts a different set of proteins (34.0 and 
30.5 Kdalton) was detected (Fig. 5, lane 8), indicating possible 
species specificity of the fibroblastic proteins. The intracellular 
localization of the EEP-like protein components in cultured 
fibroblasts of both species was studied by the indirect immuno-
fluorescence staining technique. 
10.3.5 Immunofluorescence localization of EEP-like 
protein components in cultured fibroblasts 
The intracellular distribution of EEP-like protein components 
was investigated in cultured fibroblasts of several species. The 
immunofluorescent staining patterns produced by anti-EEP anti-
bodies and preimmune serum in cultured paraformaldehyde-fixed 
and permeabilized rabbit skin fibroblasts are shown in Fig. 6 a and 
b, respectively. Cells that were only fixed prior to antiserum 
incubation did not show staining with both antisera (not shown). 
This result indicates that the immune reactive proteins very likely 
are not located at the cell surface. 
In fixed cells permeabilized with NP-40 and incubated with 
anti-EEP antiserum, fluorescent staining was restricted to intense 
spots and patches within the nucleus (Fig. 6a). None of these 
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Fig. 6. Immunofluorescent localization of EEP-like proteins in 
cultured rabbit skin fibroblasts (a,b) and chicken embryo fibroblasts 
(c,d). Cells were fixed with 2.5% paraformaldehyde and then per-
meabilized with NP-40. Both anti-EEP antiserum (a,c) and pre­
immune serum (b,d) were used at a final dilution of 1:10. The white 
open circles in b probably represent non-staining lipid droplets in 
the cells. Bars, 25 ^m. (a,b) χ 452. (c,d) χ 375. 
fluorescent spots corresponded to nucleoli. Identical results were 
obtained when cells were fixed with paraformaldehyde and after­
wards exposed to Triton X-100 for 5 min. The EEP-like proteins 
therefore are absent in the detergent-resistant cytoskeleton 
fraction or surface lamina, but appear to be located exclusively in 
the nucleus. 
Nuclear fluorescence was also observed in cultured chicken 
embryo fibroblasts (Fig, 6 с and d). The fluorescent spots present 
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around the negatively stained nucleoli within the nucleus of these 
cells were smaller and more densely packed than in rabbit skin 
fibroblasts (compare Fig. 6c with Fig. 6a). The granular staining of 
the rest of the cell was aspecific. Cells that were not permeabi-
lized by detergent-treatment did not exhibit membrane fluor-
escence (not shown), proving the intracellular localization of the 
EEP-like proteins present in these cells. 
10.4 DISCUSSION 
In the present study a specific antiserum, raised against the 
EDTA-extractable proteins from calf lens fiber membranes, was 
used to examine the presence of these proteins in other tissues than 
lens. The results of immunoblotting experiments have shown that 
this anti-EEP antiserum specifically recognized 30-38 Kdalton 
proteins in a great variety of tissues. The cross-reactivity and 
molecular weights of these non-lenticular proteins indicate that 
they are homologous to lens EEP. 
The EEP-like proteins were detected in a number of cell types 
including endothelial cells, fibroblastic cells, retinal Müller cells 
and certain epithelial cells. Erythrocytes, lymphocytes, muscle, 
nerve and fat cells did not contain significant amounts of these 
proteins (Table I). The difference in their occurrence between 
functionally different epithelial cells is very striking. Epithelial 
cells that are actively involved in secretion (liver, pancreas, kidney 
tubules) are devoid of EEP-like proteins. The latter proteins appear 
to be present exclusively in covering epithelia, irrespective of the 
shape of the cells (squamous in glomerulus; stratified squamous in 
cornea). This result indicates that the EEP-like proteins are not 
involved in secretion processes. 
The results of the immunofluorescence studies, described in 
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Table I. Distribution of EEP-like proteins* in several tissue cell types by 
immunoblottmg (I) and indirect immunofluorescence microscopy (F). 






Lens fiber cells 
Epithelial cells 
Cuboldal lens epithelial cells 
Stratified squamous epithelial cells of cornea 
Parietal epithelial cells of glomerulus 
Visceral epithelial cells of glomerulus 
Epithelial cells of thymic postcapillary venules 
Columnar bronchiolar epithelial cells 
Squamous and cuboidal epithelial cells of kidney tubules 
Liver parenchymal cells 
Epithelial cells of liver bile ducts 
Acinar cells of pancreas 
Endothelial cells lining blood vessels in all tissues examined 
Cornea endothelial cells 
Mesenchymal cells 
Fibroblasts of all tissues examined 
Fibrocytes of cornea stroma 
Cultured chicken embryo fibroblasts 
Cultured rabbit skin fibroblasts 
Adipose cells 
Muscle cells 
Cardiac muscle cells 
Skeletal muscle cells 
Hematopoietic cells 
Erythrocytes 
Lymphocytes of spleen 
Other cells 































. 0 ; 
. 5 ; 
. 5 ; 
. 5 ; 













I , F 
F 
I . F 









+ For lens cells read EEP. Values are apparent molecular weights (SDS Polyacrylamide gel electrophoresis). 
** All cell types were isolated from calf tissues unless indicated otherwise. 
*** [ l ] . In homogenates of lens fiber cells only the 34 Kdalton protein band was detected 
(see text for explanation). 
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this paper, resemble those concerning the distribution of a 
substrate for tyrosine protein kinases in chicken, human and rodent 
tissues [12,13]. The kinase substrate was found in the same cell 
types (endothelial, fibroblastic and non-secreting epithelial cells) 
as the EEP-like proteins. The molecular weight of the substrate 
was estimated to be 34-39 Kdalton [14,15,16], values which are 
close to the molecular weights of EEP and EEP-like proteins. In 
view of these results the tyrosine kinase substrate could be 
identical to or related with one of the 30-38 Kdalton protein 
components. However, the immunofluorescence localization of the 
kinase substrate in cultured fibroblasts, as detected by monoclonal 
antibodies against this protein, was quite different from the 
distribution pattern obtained with anti-EEP antiserum. The kinase 
substrate was found in a reticulum at the inner surface of the 
plasma membrane m association with cytoskeletal structures 
[11,16,17]. This protein was absent in the nucleus. Under the same 
experimental conditions, however, we found bright fluorescent 
spots exclusively in the nucleus of permeabilized chicken embryo 
and rabbit skin fibroblastic cells in culture after incubation with 
anti-EEP antiserum. The distribution of fluorescent label in these 
cells was the same as in vivo, indicating that detergent-treatment 
of the cells has not removed cytoplasmic protein or caused intra-
cellular redistribution of proteins. Because of the difference in 
immunofluorescence patterns obtained with the two antisera it is 
unlikely that the tyrosine kinase substrate forms part of the EEP-
like proteins. 
In contrast to the staining pattern observed in fibroblasts, the 
nucleus is unstained in epithelial and endothelial cells. While 
cytoplasmic staining and extracellular distribution cannot be 
excluded, most fluorescent label is found in the plasma membranes. 
There is some overlap between the immunoblotting patterns of 
fibroblasts and epithelial (or endothelial) cells. For this reason, the 
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difference in staining pattern between the two cell types might 
point to a cell-specific nature or localization of some of the EEP-
like proteins. The identity of the EEP-like protein(s) giving rise to 
the specific nuclear fluorescence of fibroblasts remains to be 
determined. In addition, the extent of homology between the 
fibroblastic proteins and the corresponding epithelial protein 
components are subjects for further research. 
Preliminary experiments have shown that the 30-38 Kdalton 
EEP-like proteins predominantly occur in the water-insoluble, urea-
insoluble fraction of non-lenticular tissues. Like lens fiber and 
epithelial EEP they can be selectively extracted from this 
membranous fraction by means of EDTA or EGTA, indicating that 
at least part of the 30-38 Kdalton proteins is bound to membrane 
structures via calcium (van den Eijnden-van Raaij, de Leeuw and 
Broekhuyse, unpublished results). In view of the results of the 
immunofluorescence studies described in this paper it is very likely 
that this way of protein-membrane interaction occurs in covering 
epithelial and endothelial cells. The EGTA-extractability, the 
molecular weights and the cross-reactivity of the non-lenticular 
30-38 Kdalton proteins with anti-EEP antiserum indicate that these 
proteins and EEP share a very high degree of homology and may 
even be identical. Further biochemical investigations are necessary 
to confirm the latter statement and to reveal whether the EDTA-
extractable proteins function as mediators of calcium action in 
calcium-dependent cellular processes in different tissues. 
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The main part of this thesis deals with the properties, 
localization and functional aspects of a distinct group of proteins, 
which can be isolated from the membranes of calf lens fiber and 
epithelial cells by means of EDTA or EGTA. In chapter 2 and 3 
several biochemical characteristics of these EDTA-extractable 
proteins (EEP) are described. EEP consists of at least eight protein 
components with molecular weights ranging from 30000 to 38000 
dalton. These proteins show considerable charge heterogeneity as is 
apparent from the results of two-dimensional gel electrophoresis of 
EEP, separating the proteins by charge and size. Peptide mapping 
has provided evidence that the EEP proteins differ from each other 
and from /JEL·-, ßBjg- and /JBjjj-crystallin, which have about the 
same molecular weight on SDS-polyacrylamide gels. 
The immunological properties of EEP are described in chapter 
4. An antiserum was raised against calf lens fiber EEP. The 
specificity of this antiserum was tested via the very sensitive 
immunoblotting technique. The anti-EEP antiserum appeared to 
react with all EEP components, while no immune complexes were 
formed with other membrane proteins and crystallins. This result 
indicates that EEP is immunologically not related to any other lens 
membrane protein, and that no crystallin-like determinants are 
present on EEP. The individual EEP proteins are immunologically 
related. Immunoelectrophoresis and immunoelectrofocusing experi-
ments have shown, that the EDTA-extractable proteins share at 
least one antigenic determinant in common, while six different 
determinants were detected. Some of the proteins with isoelectric 
points above 4.8 possibly possess a second common determinant. 
The acidic proteins of EEP contain specific determinants with low 
immunogemcity. 
The possibility to extract EEP from lens membranes by means 
of a calcium-specific chelator points to the binding of these 
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proteins to the membrane via calcium. The interaction of EEP with 
the membrane and eventually with other lens components is further 
investigated and the results are presented in chapters 5, 6 and 7. 
Lens fiber membranes contain EEP as one of the major protein 
components, provided that they are isolated m the presence of 
calcium. In chapter 5 evidence is provided via immunoblotting 
experiments, that EEP is neither present in the cytoskeleton 
fraction, nor in the crystallm fraction. In addition, the continuous 
use of EDTA-containing buffer solutions during the isolation of 
cytoskeleton-free lens fiber membranes or junction-enriched 
membrane fractions, was shown to result in a complete removal of 
EEP from the membrane. The presence of the cytoskeleton does not 
prevent EEP extraction. From these results it appears that EEP 
exclusively consists of extrinsic proteins, which are electro-
statically bound to the membrane via calcium ions, and which are 
probably not involved directly in the cytoskeleton-membrane inter-
action. 
Nature and site of membrane binding of calf lens fiber EEP 
are studied in chapter 6 and 7. In chapter 6 it is shown that calcium 
(and not magnesium) is a specific requirement for the in vitro 
reassociation of EEP with EEP-free lens fiber membranes. In this 
reassociation, which is not hindered by cytoskeleton components, 
calcium is the limiting factor. The total amount of reassociated 
EEP increases with increasing calcium concentration until the 
saturation point is reached. 
Binding studies of EEP with different lens components have 
shown, that EEP does not bind to lens proteins, but interacts 
exclusively with calcium-binding phospholipids, like phosphatidyl-
serine and phosphatidylmositol (chapter 7). For this reason, the 
acidic calcium-binding phospholipids very probably function as 
specific attachment sites for EEP in the lens membrane. Possibly 
the hydrophilic, calcium-dependent EEP-membrane binding is 
accomplished by coupling of the negatively charged groups of EEP 
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and phospholipids via calcium ions. The acidic phospholipids are 
localized in plasma membranes of various cell types, like the 
erythrocyt, at the cytoplasmic side. This is an indication that EEP 
is bound to the plasma membranes of lens cells as a group of intra­
cellular proteins. 
The calcium-binding characteristics of calf lens fiber EEP are 
described in chapter 8. The EEP proteins contain positively 
cooperating Ca2+-binding sites, which can bind up to 25 mol Ca^"1" 
per mol EEP with an apparent dissocation constant (Kp) of 7.7 μΜ. 
The high affinity and especially the high capacity of EEP for 
calcium point to a possible function as an intracellular buffer 
system for calcium in the lens. The binding of calcium to EEP is 
accompanied with a decrease of the percentage a-helix of these 
proteins. Because of their calcium-sensitive conformation the EEP 
proteins might be involved in the regulation of calcium-dependent 
cellular processes in the lens, like the action of lens fiber 
junctions. 
Another calcium-binding membrane protein, which probably 
acts as a regulator of the structure and function of lens junctions is 
calmodulin. In this thesis a special chapter is concerned with the 
isolation, characterization and functional aspects of lens 
calmodulin (chapter 9). Like other vertebrate calmodulins, lens 
calmodulin shows a calcium-dependent mobility shift on SDS-
polyacrylamide gels and forms immune complexes with antiserum 
raised against vertebrate calmodulin. Calmodulin binds to junction 
proteins, like MIP (main intrinsic protein), thereby sensitizing the 
junctions for calcium. The calmodulin-junction protein complex, 
which can undergo a conformational change upon calcium binding, 
is probably involved in the regulation of the calcium-sensitive 
membrane permeability in the lens. 
EEP is not lens-specific. This is apparent from the results of 
immunoblotting and indirect immunofluorescence experiments using 
anti-lens EEP antiserum (chapter 10). In all ocular and non-ocular 
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tissues tested, this antiserum recognizes proteins with a molecular 
weight ranging from 30000 to 38000 dalton. These proteins are 
predominantly detected m the nucleus of fibroblasts and in the 
plasma membranes of endothelial and non-secreting epithelial cells. 
Muscle, nerve and fat cells, as well as lymphocytes and erythro-
cytes do not contain these proteins. For a number of tissues it is 
shown that these proteins can be extracted, ananlogous to lens 
EEP, from the water- and urea-insoluble fraction by means of 
EDTA or EGTA, indicating a binding of these proteins to membrane 
structures via calcium. These results are an important step forward 
in the study of the (general) function of EDTA-extractable 
membrane proteins in specific, biologically active cell types 
including lens epithelial and equatorial fiber cells. 
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SAMENVATTING 
Het grootste gedeelte van dit proefschrift handelt over de 
eigenschappen, lokalisatie en funktionele aspekten van een speci-
fieke groep eiwitten, die door middel van EDTA of EGTA uit de 
membraan van kalfslensvezel- en epitheelcellen te isoleren is. In 
hoofdstuk 2 en 3 zijn een aantal biochemische karakteristieken van 
deze EDTA-extraheerbare eiwitten (EEP) beschreven. EEP bestaat 
uit tenminste acht eiwitcomponenten met een molekuulgewicht 
variërend van 30000 tot 38000 dalton. Uit de resultaten van twee-
dimensionale gel elektroforese van EEP, waarbij de eiwitten op 
grond van lading en grootte worden gescheiden, is gebleken, dat 
deze eiwitten een aanzienlijke ladingsheterogeniteit vertonen. 
Peptide mapping heeft aangetoond, dat de EEP eiwitten onderling 
verschillen en niet verwant zijn met /$Bp-, ^ B j a - en /M3||j-
crystalline, welke ongeveer hetzelfde molekuulgewicht hebben op 
SDS-polyacrylamide gels. 
De immunologische eigenschappen van EEP zijn beschreven in 
hoofdstuk 4. Tegen kalfslensvezel EEP is een antiserum bereid, 
waarvan de specificiteit getest is via de zeer gevoelige immuno-
blotting techniek. Het anti-EEP antiserum bleek te reageren met 
alle EEP componenten, terwijl geen immuuncomplexen gevormd 
werden met andere membraaneiwitten en crystallines. Dit resultaat 
geeft aan, dat EEP immunologisch niet verwant is met enig ander 
lensmembraaneiwit en dat er geen crystalline-achtige determi-
nanten op EEP aanwezig zijn. Wel bestaat er immunologische ver-
wantschap tussen de afzonderlijke EEP eiwitten. Immunoelektro-
forese en immunoelektrofocusing experimenten hebben aangetoond, 
dat de EDTA-extraheerbare eiwitten tenminste 1 van de in totaal 6 
gevonden antigene determinanten gemeenschappelijk hebben. 
Sommige van de eiwitten met isoelektrische punten boven 4.8 
hebben mogelijk een tweede gemeenschappelijke determinant. De 
zure eiwitten van EEP bevatten specifieke determinanten met lage 
immunogeniciteit. 
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De mogelijkheid om EEP uit lensmembranen te extraheren 
door middel van een calcium-specifieke chelator duidt erop, dat 
deze eiwitten via calcium aan de membraan gebonden zijn. De 
interaktie van EEP met de membraan en eventuele andere lens-
componenten is nader onderzocht en de resultaten zijn weer-
gegeven in de hoofdstukken 5, 6 en 7. 
Mits geïsoleerd in de aanwezigheid van calcium bevatten 
kalfslensvezelmembranen EEP als een van de hoofdeiwitcom-
ponenten. In hoofdstuk 5 is via immunoblotting experimenten 
bewezen, dat EEP noch in de cytoskeletfraktie, noch in de 
crystallinefraktie aanwezig is. Voorts is aangetoond, dat het 
continue gebruik van EDTA-bevattende bufferoplossingen tijdens 
de isolatie van cytoskelet-vrije lensvezelmembranen of junction-
verrijkte membraanfrakties, resulteert in een totale verwijdering 
van EEP van de membraan. De aanwezigheid van het cytoskelet 
heeft geen remmende invloed op de EEP extraktie. Uit deze 
resultaten blijkt, dat EEP uitsluitend bestaat uit extrinsieke 
eiwitten, die elektrostatisch gebonden zijn aan de membraan via 
calcium ionen en die waarschijnlijk niet direkt betrokken zijn bij de 
cytoskelet-membraan interaktie. 
De aard en de plaats van membraanbinding van kalfslensvezel 
EEP zijn bestudeerd in hoofdstuk 6 en 7. In hoofdstuk 6 is 
aangetoond, dat calcium (en niet magnesium) specifiek vereist is om 
in vitro reassociatie van EEP met EEP-vrije lensvezelmembranen te 
bewerkstelligen. Bij deze reassociatie, die niet wordt verhinderd 
door aanwezige cytoskeletcomponenten, is calcium de beperkende 
faktor. Naarmate de hoeveelheid calcium toeneemt wordt meer EEP 
gereassocieerd aan de membranen, tot verzadiging is bereikt. 
Bindingsstudies van EEP met verschillende lenscomponenten 
hebben aangetoond, dat EEP niet bindt aan lenseiwitten, maar 
uitsluitend aan calcium-bindende fosfolipiden, zoals fosfatidyl-
serine en fosfatidylinositol (hoofdstuk 7). Om deze reden fungeren 
zeer waarschijnlijk de zure, calcium-bindende fosfolipiden als 
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specifieke bindingsplaatsen voor EEP in de lensmembraan. De 
hydrofiele, calcium-afhankelijke EEP-membraan binding komt 
mogelijk tot stand door koppeling van de negatief geladen groepen 
van EEP en fosfolipiden via calcium-ionen. Van de zure fosfolipiden 
is bekend, dat ze in de plasmamembranen van diverse celtypen, 
zoals de erythrocyt, aan de cytoplasmatische kant gelokaliseerd 
zijn. Dit is een aanwijzing, dat EEP als een groep intracellulaire 
eiwitten gebonden is aan de plasmamembranen van de lenscellen. 
De calcium-bindingskaraktenstieken van kalfslensvezel EEP 
zijn beschreven in hoofdstuk 8. De EEP eiwitten bevatten positief 
coöperatieve Ca2+-bindmgsplaatsen, die maximaal 25 mol Car* per 
mol EEP kunnen binden met een dissociatieconstante (Kp) van 7.7 
μΜ. De hoge affiniteit en vooral de hoge capaciteit van EEP voor 
calcium duiden onder meer op een mogelijke funktie als intra­
cellulair buffersysteem voor calcium in de lens. De binding van 
calcium aan EEP gaat gepaard met een afname van het percentage 
a-helix van deze eiwitten. Door hun calcium-gevoelige conformatie 
zouden de EEP eiwitten betrokken kunnen zijn bij de regulatie van 
calcium-afhankelijke cellulaire processen in de lens, zoals het 
funktioneren van de lensvezeljunctions. 
Een ander calcium-bindend membraaneiwit, dat waarschijnlijk 
optreedt als regulator van de struktuur en funktie van lensjunctions 
is het calmoduline. In dit proefschrift is een speciaal hoofdstuk 
gewijd aan de isolatie, karakterisering en funktionele aspekten van 
lens calmoduline (hoofdstuk 9). Evenals andere vertebraat cal-
modulines vertoont lens calmoduline een calcium-afhankelijke ver­
schuiving van de mobiliteit op SDS-polyacrylamide gels en vormt dit 
eiwit immuuncomplexen met antiserum, opgewekt tegen vertebraat 
calmoduline. Calmoduline bindt aan junctioneiwitten zoals MIP 
(main intrinsic protein), waardoor de junctions gevoelig worden 
voor calcium. Het calmoduline-junctioneiwit complex, dat onder 
invloed van calcium een conforroatieverandering kan ondergaan, is 
waarschijnlijk betrokken bij de regulatie van de calcium-gevoelige 
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membraanpermeabiliteit in de lens. 
EEP is niet specifiek voor de lens. Dit is gebleken uit de 
resultaten van immunoblotting en indirekte immunofluorescentie-
experimenten, gebruikmakend van anti-lens EEP antiserum (hoofd-
stuk 10). Dit antiserum herkent in alle geteste oog- en niet-
oogweefsels uitsluitend eiwitten met een molekuulgewicht in het 
trajekt van 30000-38000 dalton. Deze eiwitten zijn voornamelijk 
detekteerbaar in de kern van fibroblasten en in de plasma-
membranen van endotheel- en niet-secreterende epitheelcellen. 
Spier-, zenuw- en vetcellen, alsmede lymfocyten en erythrocyten 
bevatten deze eiwitten niet. Voor een aantal weefsels is aan-
getoond dat deze eiwitten, analoog aan lensvezel EEP, uit de 
water- en ureumonoplosbare fraktie te extraheren zijn met EDTA 
of EGTA, hetgeen duidt op een binding van deze eiwitten aan 
membraanstrukturen via calcium. Deze resultaten zijn een belang-
rijke stap in de richting van het onderzoek naar de (algemene) 
funktie van EDTA-extraheerbare membraaneiwitten in specifieke, 
biologisch-aktieve celtypen, waartoe ook lensepitheel- en equa-
toriale lensvezelcellen behoren. 
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I 
Bij het gebruik van EDTA tijdens de isolatie van lensvezelmembranen, ter 
voorkoming van proteolytische degradatie, heeft Goodenough geen rekening 
gehouden met de aanwezigheid van EDTA-extraheerbare membraaneiwitten. 
Goodenough, D.A. (1979). Invest. Ophthalmol. Vis. Sci. 18, 1104-1122. 
II 
Hoewel het definitieve bewijs hiervoor nog niet geleverd is zijn er sterke 
aanwijzingen, dat EEP in de lensvezelcel als groep extrinsieke eiwitten ge­
lokaliseerd is aan de cytoplasmatische kant van de plasmamembraan. 
Dit proefschrift, hoofdstukken 3, 7 en 8. 
III 
De bewering van Thomson en Augusteyn, dat a
m
-crystall ine de stabiele, 
natieve vorm is van het α-crystalline in de lens, is onjuist, gezien de 
resultaten van hun gelfiltratie experimenten. 
Thomson, J.A. en Augusteyn, R.C. (1983). Exp. Eye Res. 37, 367-377. 
IV 
Uit een aantal voorbeelden blijkt, dat tijdens de evolutie van eiwitten de 
ruimtelijke struktuur beter gekonserveerd blijft dan de aminozuurvolgorde. 
Halliday acht een bepaalde homologie tussen het p21ras eiwit en de 
elongatiefaktor EF-Tu signifikant. Het is dan vreemd om op basis van 
sekundaire struktuur voorspellingen volgens Chou en Fasman -d.w.z. 
ongefundeerd (Kabsch en Sander)- te veronderstellen, dat de strukturen van 
de twee eiwitten ter plaatse van die homologie verschillend zijn. 
Halliday, K.R. (1984). J. Cycl. Nucleot. Prot. Phosph. 9, 435-448. 
Chou, P.Y. en Fasman, G.D. (1978). Adv. Enzym. 47, 45-148. 
Kabsch, W. en Sander, С. (1983). FEBS Lett. 155, 179-182. 
V 
De conclusie van Shichi, dat rhodopsine kinase en S-antigeen identieke 
eiwitten zijn is op zijn minst aanvechtbaar. 
Shichi, H. (1981). Jpn. J. Ophthalmol. 25, 306-311. 
VI 
De experimenten van Kudlow et al. bewijzen met, dat orTGF producerende 
melanoma cellen geen intakte EGF receptoren bezitten. 
Kudlow, J.E., Khosravi, M.J., Kobnn, M.S. en Mak, W.W. (1984). J. 
Biol. Chem. 259, 11895-11900. 
VII 
Gezien het toenemend aantal vrouwen in de exacte wetenschappen verdient 
het steeds meer aanbeveling om voor beroepen zoals (bio)chemicus, fysicus en 
mathematicus ook een erkende vrouwelijke uitdrukking te introduceren. 
VIII 
Indien het aantal dia's, dat gepresenteerd wordt tijdens wetenschappelijke 
lezingen groter is dan het aantal minuten toegestane spreektijd, werkt dit in 
het algemeen eerder verduisterend dan verhelderend. 
IX 
De in de volksmond gebruikte naam 'kroezel' voor de sierlijke kroon, die 
vroeger werd gedragen op de West-Brabantse dubbele muts, houdt hoogst-
waarschijnlijk verband met het kroezelig uiterlijk van de vele kleine stoffen 
bloempjes, waaruit deze kroon is samengesteld. 
X 
De verontrustende onderzoeksresultaten van Staatsbosbeheer t.a.v. de 
invloed van zure regen op het bosbestand wijzen erop, dat men in de nabije 
toekomst door de weinige bomen het bos met meer zal zien. 



